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ADVERTISEMENT 

TO 

THE     TWELFTH      EDITION. 


In  the  present  edition  the  additions  made  have  increased  by  about 
twenty-six  pages  the  size  of  the  work  as  it  stood  in  the  last  edition. 
The  new  matter  contains  also  twenty  five  additional  illustrations. 

Some  alterations  have  been  made  in  Book  I. :  in  making  these 
I  have  availed  myself  of  an  introductory  chapter  which  Prof.  Nipher,  of 
t'e  University  of  Missouri,  prepared  for  the  use  of  his  classes,  and 
^-.ich  he  kindly  placed  at  my  disposal 

TTiC  continued  favour  with  which  the  work  has  been  received, 
l:-.  ^  Text  book  for  Colleges  and  Schools,  and  also  as  a  book  of 
r-.r'cTcr.ce    for   the  general  reader,  renders  any  apology  for  omissions 

'.rhap/s  unnecessary  ;  it  may,  however,  be  as  well  once  more  to 
:  oir.t  out  that  the  book  is  intended  to  be  a  general  Elementary 
Treiti'se  on  Physics,  and  that,  while  it  accordingly  aims  at  giving  an 
1- '  :junr  of  the  most  important  facts  and  general  laws  of  all  branches 

•  Physics,  an  attempt  to  treat  completely  and  exhaustively  of  any  one 

\r-r:r  h  would  both  be  inconsistent  with  the  general  plan  of  the  book 

md  impossible  within  the  available  space. 

E.  ATKINSON. 

-:  \rf    i'riii.FA'.E. :  May  l886. 


EXTRACT  FROM  ADVERTISEMENT  TO   THE 
SEVENTH  EDITION 

I  HAVE  added  an  Appendix  containing  a  series  of  numerical  problems 
and  examples  in  Physics.  This  Appendix  is  based  upon  a  similar 
one  contained  in  the  French  edition  of  the  work.  But  I  have  been 
able  to  use  only  a  small  proportion  of  the  problems  contained  in  that 
Appendix,  as  the  interest  of  the  solution  was  in  most  cases  geome- 
trical or  algebraical.  Hence  I  have  substituted  or  added  others,  which 
have  been  so  selected  as  to  involve  in  the  solution  a  knowledge  of  some 
definite  physical  principle. 

Such  an  ApjHindix  has  from  time  to  time  been  urged  upon  me  by 
teachers  and  others  who  use  the  work.  It  will,  I  conceive,  be  most 
useful  to  those  students  who  have  not  the  advantage  of  regular  instruc- 
tion ;  affording  to  them  a  means  of  personally  testing  their  knowledge. 
Such  a  student  should  not  aim  solely  at  getting  a  result  which  numeri- 
cally agrees  with  the  answer.  He  should  habituate  himself  to  write  out 
at  length  the  several  steps  by  which  the  result  is  obtained,  so  that  he 
may  bring  clearly  before  himself  the  physical  principles  involved  in  each 
stage.  Some  of  the  solutions  of  the  problems  are  therefore  worked  out 
at  length. 

E.  A. 


TRANSLATORS  PREFACE  TO  FIRST  EDITION. 

Thb  EUmmis  de  Pkj^sique  6[  Pftrfessor  Ganot,  of  which  the  present 
wcxk  IS  a  tianslatioD,  has  acquiied  a  hig^  leputation  as  an  Introductioo 
to  Fi^fsical  Science.  In  France  it  has  passed  throng^  Nine  large 
cditioiis  in  litde  more  than  as  many  years,  and  it  has  been  transkted 

^  German  and  Spanish. 

This  reputation  it  doobdess  owes  to  the  deamess  and  conciseness 
irtiidi  die  principal  phy»cal  laws  and  phencHnena  are  eiphined, 
to  its  methodical  arrangement,  and  to  the  excellence  of  its  illustrations. 
In  undertaking  a  translation,  I  was  influenced  by  the  favourable  opinion 
which  a  previous  use  of  it  in  teaching  had  enabled  me  to  form. 

I  found  that  its  principal  defect  consbted  in  its  too  close  adaptation 
to  the  French  systems  of  instruction ;  and  accordingly,  my  chief  labour, 
beyond  that  of  mere  translation,  has  been  expended  in  making  such 
alterations  and  additions  as  might  render  it  more  useful  to  the  English 
stndenL 

I  have  retained  throughout  the  use  of  the  Centigrade  thermometer, 
and  in  some  cases  have  expressed  the  smaller  linear  measures  on  the 
metrical  system.  These  systems  are  now  ever3nvhere  gaining  ground, 
and  an  apology  is  scarcely  needed  for  an  innovation  which  may  help  to 
familiarise  the  English  student  with  their  use  in  the  perusal  of  the  larger 
and  more  complete  works  on  Physical  Science  to  which  this  work  may 
serve  as  an  introduction. 


E.   A. 
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CHAPTER  I. 

GENERAL  PRINCIPLES. 


I  I.  ai!f«et  wf  Fhjrtes.— The  object  of  Physics  is  the  study  of  the  phe^^ 
"  r>pna  presented  to  us  by  bodies.  It  should,  however,  be  added,  that 
'r-in^'es  in  the  nature  of  the  body  itself,  such  as  the  decomposition  of  one 
>«:>'  into  others,  are  phenomena  whose  study  forms  the  more  immediate 
•:'  ^ct  of  chemistry, 

2.  Matter. — That  which  possesses  the  properties  whose  existence  is 
r» sealed  to  us  by  our  senses,  we  call  matter  or  substance. 

All  sabstances  at  present  known  to  us  may  be  considered  as  chemical 
c.binations  of  sixty-seven  elementary  or  simple  substances.  This  number, 
•  Atvcr,  may  hereafter  be  diminished  or  increased  by  the  discovery  of  some 
r  •*»:  pjowerful  means  of  chemical  analysis  than  we  at  present  possess. 

^  atirrt^,  »olac«l— > — From  various  properties  of  bodies,  we  conclude 
'■V.  the  matter  of  which  they  are  formed  is  not  perfectly  continuous,  but 
''.)!>!$  of  an  aggregate  of  an  immense  number  of  exceedingly  small  por- 
'  '.s  or  atoms  of  matter.  These  atoms  cannot  be  divided  physically ;  they 
<-*:  retained  side  by  tide,  without  touching  each  other,  being  separated  by 
Ciuncrs  which  are  great  in  comparison  with  their  supposed  dimensions. 

A  ^n^up  of  two  or  more  atoms  forms  a  molecule^  so  that  a  body  may  be 
*- A^Miered  as  an  aggregate  of  very  small  molecules,  and  these  again  as 
i^vni^tes  of  still  smaller  atoms.  The  smallest  masses  of  matter  we  ever 
•V«m  anificially  are  particles^  and  not  molecules  or  atoms.  Molecules 
r*ta]n  their  position  in  virtue  of  the  aaion  of  certain  forces  called  molecular 

Fnxn  considerations  based  upon  various  physical  phenomena  Sir  W. 
Tbomsoo  has  calculated  that  in  ordinaiy  solids  and  liquids  the  average 
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2  On  Matter,  Force,  and  Motion. 

distance  between  contiguous  molecules  is  less  than  the  one  hundred-mil 
but  greater  than  the  one  two  thousand-millionth  of  a  centimetre. 

To  form  an  idea  of  the  degree  of  the  size  of  the  molecules  S 
Thomson  gives  this  illustration  : — *  Imagine  a  drop  of  rain,  or  a  glass  s 
the  size  of  a  pea,  magnified  to  the  size  of  the  earth,  the  molecules  in  it 
increased  in  the  same  proportion.  The  structure  of  the  mass  would  tl 
coarser  than  that  of  a  heap  of  fine  shot,  but  probably  not  so  coarse  a 
of  a  heap  of  cricket-balls.' 

The  number  of  molecules  of  gas  in  a  cubic  centimetre  of  air  is  calc 
at  twenty-one  trillions. 

By  dissolving  in  alcohol  a  known  weight  of  fuchsine,  and  dilutir 
liquid,  it  was  observed  that  a  solution  containing  not  more  than  oxxx 
of  a  gramme  in  one  cubic  centimetre  had  still  a  distinct  colour ;  that  i: 
a  weight  of  not  more  than  the  ^'^-millionth  of  a  gramme  can  be  percei\ 
the  naked  eye.  As  the  molecular  weight  of  this  substance  is  337  time 
of  hydrogen  it  follows  that  the  weight  of  an  atom  of  hydrogen  cam 
greater  than  the  one  20,000-millionth  of  a  gramme. 

Loschmidt  gives  the  diameter  of  the  molecules  of  hydrogen  at  O'cxx 
of  a  centimetre ;  and  according  to  Mousson  and  Quincke  the  diam< 
the  sphere  within  which  one  molecule  can  act  upon  an  adjacent  one 
tween  the  o-oooo6  and  000008  of  a  millimetre,  and  is  therefore  from  5 
times  less  than  the  wave-length  of  light. 

4.  Moleca!ar  state  of  bodies. — With  respect  to  the  molecules  of  1 
three  different  stages  of  aggregation  present  themselves. 

First,  the  solid  state,  as  obser\'ed  in  wood,  stone,  metals,  &c., 
ordinary  temperature.  The  distinctive  character  of  this  state  is,  th 
relative  positions  of  the  molecules  of  the  bodies  is  fixed  and  cam 
changed  without  the  expenditure  of  more  or  less  force.  Solid  bodies 
therefore,  to  retain  whatever  form  may  have  been  given  to  them  by  nat 
by  art. 

Secondly,  the  liquid  state,  as  obser\'ed  in  water,  alcohol,  oil,  &c. 
the  relative  position  of  the  molecules  is  no  longer  fixed,  the  molecuiei 
past  each  other  with  the  greatest  ease,  and  the  body  assumes  with  rca 
the  form  of  any  vessel  in  which  it  may  be  placed. 

Thirdly,  the  gaseous  state^  as  in  air  and  in  hydrogen.  In  gas4 
mobility  of  the  molecules  is  still  greater  than  in  liquids  ;  but  the  disti 
character  of  a  gas  is  its  incessant  struggle  to  occupy  a  greater  space,  i: 
sequence  of  which  a  gas  has  neither  an  independent  form  nor  an  indep< 
volume,  for  this  depends  upon  the  pressure  to  which  it  is  subject 

The  general  Xtrm  Jiuid  is  applied  to  both  liquids  and  gases. 

Most  simple  Ix^dies,  and  many  compound  ones,  may  be  made  t< 
successively  through  all  the  three  states.  Water  presents  the  most  fa 
example  of  this.  Sulphur,  iodine,  mercury,  phosphorus,  and  zinc  are 
instances. 

5.  VhyslomI  pbeaomena,  laws,  and   theories. — £ver>'  change 
can  happen  to  a  bwly,  mere  alteration  of  its  chemical  constitution  bei 
cepied,  may  be  regarded  as  ^  physioil  phcriomfnon.     The  fall  of  a  stor 
vibration  of  a  string,  and  the  sound  which  accompanies  it,  the  attract 
light  particles  by  a  rod  of  sealing-wax  which  has  been  rubbed  by  fl 
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the  rippling  of  the  surface  of  a  lake,  and  the  freezing  of  water,  are  examples 
of  such  phenomena. 

Kpkyncallaw  is  the  constant  relation  which  exists  between  any  pheno- 
menon and  its  cause.  As  an  example,  we  have  the  phenomenon  of  the 
diminution  of  the  volume  of  a  gas  by  the  application  of  pressure  ;  the  cor- 
responding law  has  been  discovered,  and  is  expressed  by  saying  that  the 
vlmnu  o/agas  is  inversely  proportional  to  the  pressure. 

In  order  to  explain  the  cause  of  whole  classes  of  phenomena,  suppositions, 
or  hypotheses^  are  made  use  oL  The  utility  and  probability  of  a  hypothesis 
or  theory  are  the  greater  the  simpler  it  is,  and  the  more  varied  and  numerous 
are  the  phenomena  which  are  explained  by  it ;  that  is  to  say,  are  brought 
bio  regular  causal  connection  among  th^nselves  and  viith  other  natural 
phenomena.  Thus  the  adoption  of  the  imdulatory  theory  of  light  is  justified 
b>-  the  simfrfe  and  unconstrained  explanation  it  gives  of  all  luminous  pheno- 
mena, and  by  the  connection  it  reveals  with  the  phenomena  of  heat 

6.  mijrslffal  avaata. — In  our  attempts  to  ascend  from  a  phenomenon  to 
i*j  cause,  we  assume  the  existence  of /^Mm/  agents^  or  natural  forces  actin  ^ 
span  matter  ;  as  examples  of  such  we  have  gravitation^  heat^  ltgf^%  magnet- 
urn^  and  electridiy. 

Since  these  physical  agents  are  disclosed  to  us  only  by  their  cfTects,  their 
•::::r.:ite  nature  is  completely  unknown.  In  the  present  state  of  science,  we 
^ati-:\*a  say  whether  they  are  properties  inherent  in  matter,  or  whether  they 
r->uit  from  movements  impressed  on  the  mass  of  subtile  and  imponderable 
:  rns  i-f  matter  diffused  through  the  universe.  The  latter  hypothesis  is,  how- 
t.r.  ::encrally  admitted.  This  being  so,  it  may  be  further  asked,  are  there 
-cil  di>tinct  forms  of  imponderable  matter,  or  are  they  in  reality  but  one 
i.- ;  the  same  ?  As  the  physical  sciences  extend  their  limits,  the  opinion 
:r-..l,  tti  prevail  that  there  is  a  subtile,  imponderable,  and  eminently  elastic 
rjii  callcfi  the  ether  distributed  through  the  entire  universe  ;  it  pervades 
•::.K  ma-is  f*f  all  bodies,  the  densest  and  most  opaque,  as  well  as  the  lightest 
■  r  the  mo>t  transparent  It  is  also  considered  that  the  ultimate  particles  of 
^\  ;«:ii  matter  is  made  up  are  capable  of  definite  motions  var>'ing  in  character 
•r. :  \e!iH:iiy,  and  which  can  be  communicated  to  the  ether.  A  motion  of  .1 
•.*ir:i*.ular  kind  communicated  to  the  ether  can  give  rise  to  the  phenomenon 
■•  heat ;  a  motion  of  the  same  kind,  but  of  greater  velocity,  produces  light  ; 
iT.i  it  may  be  that  a  motion  different  in  form  or  in  character  is  the  cause  of 
^*:^.!^ci!y.  Not  merely  do  the  atoms  of  bodies  communicate  motion  to  the 
i:  'T.^  of  the  ether,  but  this  latter  can  impart  it  to  the  former.  Thus  the 
:•  '-n^  of  Ixxlies  are  at  once  the  sources  and  the  recipients  of  the  motion. 
.*.  physical  phenomena,  referred  thus  to  a  single  cause,  are  but  transforma- 
v-ins  *if  motion. 
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CHAPTER  II. 

GENERAL  PROPERTIES  OF  BODIES. 

7.  BUforent  klnOs  of  properties. — By  the  term  properties^  as  applied 
to  bodies,  we  understand  the  different  ways  in  which  bodies  present  them- 
selves to  our  senses.  We  distinguish  general  from  specific  properties.  The 
former  are  shared  by  all  bodies,  and  amongst  them  the  most  important  arc 
impenetrcUfiiity,  extension,  divisibility,  porosity,  compressibility,  elasticity, 
mobility^  and  inertia. 

Specific  properties  are  such  as  are  obser\'ed  in  certain  bodies  only,  or  in 
certain  states  of  these  bodies  ;  such  are  solidity,  fluidity,  tenacity,  ductility, 
fnalleability,  hardness,  transparency^  colour,  &c. 

With  respect  to  the  above  general  properties,  impenetrability  and  exten- 
sion might,  perhaps,  be  more  aptly  termed  essential  attributes  of  matter, 
since  they  suffice  to  define  it ;  while  divisibility^  porosity,  compressibility^ 
and  elasticity  do  not  apply  to  atoms,  but  only  to  bodies  or  aggregates  of 
atoms  (3). 

8.  lmp%n%trwX^ilitf,— Impenetrability  is  the  property  in  virtue  of  which 
two  portions  of  matter  cannot  at  the  same  time  occupy  the  same  portion  of 
space.  Thus  when  a  stone  is  placed  in  a  vessel  of  water  the  volume  of  the 
water  rises  by  an  amount  depending  on  the  volume  of  the  stone  ;  this  method, 
indeed,  is  used  to  determine  the  bulk  of  irregularly  shaped  bodies  by  means 
of  graduated  measures. 

Strictly  speaking,  this  property  applies  only  to  the  atoms  of  a  body.  In 
many  phenomena  bodies  appear  to  penetrate  each  other ;  thus,  the  volume 
of  a  compound  body  is  always  less  than  the  sum  of  the  volumes  of  its  con- 
stituents ;  for  instance,  the  volume  of  a  mixture  of  water  and  sulphuric  acid, 
or  of  water  and  alcohol,  is  less  than  the  sum  of  the  volumes  before  mixture. 
In  all  these  cases,  however,  the  penetration  is  merely  apparent,  and  arises 
from  the  fact  that  in  ever)-  body  there  are  interstices,  or  spaces  unoccupied 
by  matter  M3). 

9.  BxteneloB. — Extension  or  magnitude  is  the  property  in  Nnrtue  of  which 
cver>'  body  occupies  a  limited  portion  of  space. 

Many  instruments  have  been  invented  for  measuring  linear  extension  or 
lengths  with  great  precision.  Two  of  these,  the  vernier  and  micrometer 
screw,  on  account  of  their  great  utility  deserve  to  be  here  mentioned. 

10.  Veraler. — The  vernier  forms  a  neccssar>'  part  of  all  instruments 
where  lengths  or  angles  have  to  be  estimated  with  precision  ;  it  derives  its 
name  from  its  inventor,  a  French  mathematician,  who  died  in  1637,  and 
consists  essentially  of  a  short  graduated  scale,  ab  (fig.  i),  which  is  made  to 
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sHde  along  a  fixed  scale,  AB,  so  that  the  graduations  of  both  may  be  com- 
pared with  each  other.  The  fixed  scale  AB,  being  divided  into  equal  parts, 
the  whole  length  of  the  vernier,  a^,  may  be  taken  equal  to  nine  of  those  parts, 
and  is  itself  divided  into  ten  equal  parts.  Each  of  the  parts  of  the  vernier, 
«^,  will  then  be  less  than  a  part  of  the  scale  by  one  tenth  of  the  latter. 

This  granted,  in  order  to  measure  the  length  of  any  object,  m/tj  let  us 
suppose  that  the  latter,  when  placed  as  in  the  figure,  has  a  length  greater 
than  four  but  less  than  Bve  parts  of  the  fixed  scale.  In  order  to  determine 
bi'  what  fraction  of  a  part  mn  exceeds  four,  one  of  the  ends,  a,  of  the  vernier, 
*k  is  placed  in  contact  with  one  extremity  of  the  object,  mir,  and  the 
divi&ion  on  the  vernier  is  sought  which  coincides  with  a  division  on  the 
Kale,  AB.  In  the  figure  this  coincidence  occurs  at  the  eighth  division  of 
the  \-emier,  counting  from  the  end,  jf,  and  indicates  that  the  fraction  to  be 
measured  is  equal  to  f^ths  of  a  part  of  the  scale,  AB.  In  fact,  each  of  the 
pvts  of  the  vernier  being  les^  than  a  part  of  the  scale  by  {^th  of  the  latter,  it 
is  dear  that  on  proceeding  towards  the  left  from  the  point  of  coincidence 
the  dt%isions  of  the  vernier  are  respectively  one,  two,  three,  etc.  tenths. 
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Fig.  I. 


y.TiTid  the  divisions  of  the  scale  ;  so  that  the  end,  n,  of  the  object  (that  is  to 

a-.  :he  ei;i:hth  division  of  the  vernier)  is  y^^ths  behind  the  division  4  on  the 

'1  i.e  :  in  other  words,  the  length  of  M/t  is  equal  to  4i*'„ths  of  the  parts  into 

*-:.h  the  scale  AB  is  divided.     Consequently  if  the  scale  AB  were  divided 

V  •  inches  the  Icnj^h  of  mn  would  be  47!,  =4?  inches.     The  divisions  on 

■>  -rale  remaining  the  same,  it  would  be  nccessar>'  to  increase  the  lengtli 

•  -r.t  vernier  in  order  to  measure  the  length  mn  more  accurately.     For 

■ar.^e,  if  the  length  of  the  vernier  were  equal  to  nineteen  of  the  parts  on 

►  -  ale,  and  this  length  were  divided  into  twenty  equal  parts,  the  length  ////; 

—vi  be  determined  to  the  twentieth  of  a  part  on  the  scale,  and  so  on.     In 

'Tjments  like  the  theodolite,  intended  for  measuring  angles,  the  scale  and 

■rT.\*:T  have  a  circular  form,  and  the  latter  usually  carries  a  magnifier  in 

r-'^tT  to  determine  with  greater  precision  the  coincident  divisions  of  vernier 

*:r.  scale.  .    -^ 

1 1.  Mw— itOT  screw. — Another  useful  little  instrument  for  measuring 

»-iii  lengths  u-ith  precision  is  the  micrometer  screw.     It  is  used  under 

^inn^us  forms,  but  the  principle  is  the  same  in  all,  and  may  be  illustrated  by 

:K«rTOce  to  the  spherometer.    This  consists  of  an  accurately  turned  screw 

»'.:h  a  blunt  point  which  works  in  a  companion  supported  on  three  steel 

^jTiti   tig.  2).     To  one  of  these  is  fixed  a  vertical  graduated  scale,  each 

i'idon  of  whi'.h  is  equal  to  the  distance  between  two  threads  of  the  screw. 
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Fig.  2. 


This  distance  may  be  accurately  determined  by  measuring  a  given  length  of 
the  screw  by  compasses,  and  counting  the  number  of  the  threads  in  this 
length.     A  milled  head  attached  to  the  screw  is  graduated  at  the  periphery 

into  any  given  number  of  parts,  say  50a 
Suppose  now  the  distance  between  the 
threads  is  i  millimetre,  when  the  head  has 
made  a  complete  turn  it  will  have  risen  or 
sunk  through  one  millimetre,  and  so  on  in 
proportion  for  any  multiple  or  fraction  of  a 
turn. 

In  order  to  determine  the  thickness  of  a 
piece  of  glass  for  instance,  the  apparatus  is 
placed  on  a  perfectly  plane  polished  surface, 
and  the  point  of  the  screw  is  brought  in 
contact  with  the  glass.  The  division  on  the 
vertical  scale  immediately  above  the  limb, 
and  that  on  the  limb  are  read  off.  After 
removing  the  glass  plate  the  point  is  brought  in  contact  with  the  plane 
surface,  and  corresponding  readings  are  again  made,  from  which  the  thick- 
ness can  be  at  once  deduced. 

The  same  process  is  obviously  applicable  to  determining  the  diameter  of 
a  wire. 

To  ascertain  whether  a  surface  is  spherical,  three  points  are  applied  to 
the  surface,  and  the  screw  is  also  made  to  touch  as  described  above.  It  is 
then  moved  along  the  surface,  and  if  all  four  points  are  everywhere  in  con- 
tact the  surface  is  truly  spherical.  This  application  is  of  great  value  in 
ascertaining  the  exact  curvature  of  lenses. 

The  diameter  of  a  sphere  may  also  be  measured  by  its  means ;  for  it 
can  be  shown  by  a  simple  geometrical  construction  that  the  distance  of  the 
movable  point  from  the  plane  of  the  fixed  points,  multiplied  by  the  diameter 
of  the  sphere,  is  equal  to  the  square  of  the  distance  of  the  movable  point 
from  one  of  the  fixed  points. 

12.  BiTislblllty— is  the  property  in  virtue  of  which  a  body  may  be 
separated  into  distinct  parts. 

Numerous  examples  may  be  cited  of  the  extreme  divisibility  of  matter  ^3). 
The  tenth  part  of  a  grain  of  musk  will  continue  for  years  to  fill  a  room 
with  its  odoriferous  particles,  and  at  the  end  of  that  time  will  scarcely  be 
diminished  in  wei;;ht.  Blood  is  composed  of  red,  flattened  globules,  floating 
in  a  colourless  liquid  called  serum.  In  man  the  diameter  of  one  of  these 
j^'lobules  is  less  than  the  3,500th  part  of  an  inch,  and  the  drop  of  blood  which 
ini^^ht  be  suspended  from  the  point  of  a  needle  would  contain  about  a  million 
of  globules. 

Again,  the  microscope  has  disclosed  to  us  the  existence  of  insects  smaller 
even  than  these  particles  of  blood  j  the  struggle  for  existence  reaches  even 
to  these  little  creatures,  for  they  devour  still  smaller  ones.  If  blood  runs  in 
tlie  veins  of  these  devoured  ones,  how  infinitesimal  must  be  the  magnitude 
of  its  component  globules  ! 

Although  experiment  fails  to  determine  whether  there  be  a  limit  to  the 
divisibility  of  matter,  many  facts  in  chemistry,  such  as  the  invariability  in 
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Porosity. 


tbe  lefaOiv^  freights  of  the  elements  which  combine  with  each  olher^  would 
lad  Its  to  believe  thai  such  a  limit  does  exist.  It  is  on  this  account  that 
bodies  arc  conceived  to  be  composed  of  extremely  minute  and  indivisible 
lartF  CAJlcd  ^oms  (3). 

J :    Fttrositj. — Porosity  is  the  quality  in  virtue  of  which  interstices  or 
p9,  ftween  the  molecules  of  a  body, 

„..jUs  of  pores  may  be  distinguished  r  physical  pores^  where  the 
>  iire  so  small  that  the  surrounding  molecules  remain  wiihln  the 
lie*-  '*'  '-rtch  other's  attracting  or  repelling  forces  ;  and  sensible  pores,  or 
es  across  which  these  molecular  forces  cannot  act.  The  con- 
iirtrw?.  .ind  expansions  resulting  from  variations  of  temperature  are  due  to 
llr  existence  of  physical  pores,  whilst  in  the  organic  world  the  sensible  pores 
at  llie  seat  of  the  phenomena  of  exhalation  and  absorption. 

Ill  wood,  sponge,  and  a  great  number  of  stones— for  instance,  pumice 
f— die  ^nsible  pores  are  apparent  ;  physical  pores  never  are.     Yet, 
the  v^Jume  of  every  body  may  be  dimin- 
^   we   oonclude  that  all   po^ess  physical 
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Tte  catbtence  of  sensible  pores  may  be 
tmm  by  the  following  experiment : — A  long 
IIms  tobCf  A  (fig,  3),  is  provided  with  a  brass 
lap  at  llie  lop»  and  a  brass  foot  made  to  screw 
«B  lo  the  plate  of  an  air-pump.  The  bottom  of 
Ite  Gil|»  constats  of  a  thick  piece  of  leather. 
Afto-  pooriii^  mercury  into  the  cup  so  as 
caordy  ID  cover  the  leather,  the  air-pump  is  put 
A  action,  snd  a  partial  vacuum  produced  within 
tile  tvbe.  By  so  doing  a  shower  of  mercury  is 
V  oace  produced  within  the  tube,  for  the  atmo- 
pcessure  on  the  mercury  forces  that 
\  timiigh  the  pores  of  the  leather,  tn  the 
fttiner  water  or  mercury  may  be  forced 
the  pores  of  wood,  by  replacing  the 
ia  the  above  experiment  by  a  disc  of 
I  est  peipendicular  to  the  fibres, 
iWlieii  m  piece  of  chalk  is  thro\%ii  into  water, 
ilc9  at  once  rise  to  the  surface,  in  con- 
iB^lnilcn  of  the  air  in  the  pores  of  the  chalk 
Mif  eTpellcd  hy  tlie  water.  The  chalk  will  be 
fi«M)  to  be  heavier  after  immersion,  than  it  was 
>tdot^  and  knoiiing  it^  volume,  the  volume  of 
ilB  por^  may  be  ea^ly  determined  from  the 
iaaraae  of  %l%  weight*  Fig,  3, 

Tbe  pcirosity  of  gold  was  demonstrated  by 
^cdcbfated  Florentine  experiment  made  in  1661,  Some  academicians  at 
Floeaioe,  ifUhing  to  try  whether  water  was  compressible,  filled  a  thin  globe 
4f  pU  wWl  thiU  liquid,  and,  after  closing  the  orifice  hermetically,  they  ex- 
peiad  Ishv  globe  to  pressure  with  a  view  of  altering  its  form,  knowing  that 
km  to  form  must  be  accompanied  by  a  diminution  in  volamt. 
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Thc  consequence  was,  that  the  water  forced  its  way  .through  the  pores  of  the 
gold,  and  stood  on  the  outside  of  the  globe  like  dew.  More  than  twenty 
years  previously  the  same  fact  was  demonstrated  by  Francis  Bacon  by  means 
of  a  leaden  sphere  ;  the  experiment  has  since  been  repeated  with  globes  of 
other  metals,  and  similar  results  obtained. 

A  glass  tube  about  a  metre  long,  closed  at  one  end,  is  half  filled  with 
water,  and  then  pure  alcohol  poured  upon  it  to  a  mark  near  the  top  ;  on  then 
closing  the  open  end  with  the  thumb  and  inverting  the  tube  several  times 
the  mixture  shrinks  so  that  its  level  is  now  nearly  an  inch  below  the 
mark  ;  at  the  same  time  very  minute  bubbles  are  seen  to  rise,  owing  to  the 
water  having  penetrated  into  the  pores  of  the  alcohol  and  expelled  the  air 
present 

14.  Apparent  and  real  ▼otames. — In  consequence  of  the  porosity  of 
bodies,  it  becomes  necessary  to  distinguish  between  their  real  and  apparent 
volumes.  The  real  volume  of  a  body  is  the  portion  of  space  actually  occu- 
pied by  the  matter  of  which  the  body  is  composed  ;  its  apparent  volume  is 
the  sum  of  its  real  volume  and  the  total  volume  of  its  pores.  The  real 
volume  of  a  body  is  invariable,  but  its  apparent  volume  can  be  altered  in 
various  ways. 

1 5.  AppUeatlons. — The  property  of  porosity  is  utilised  in  filters  of  paper, 
felt,  stone,  charcoal,  &c.  The  pores  of  these  substances  are  sufficiently  large 
to  allow  liquids  to  pass,  but  small  enough  to  arrest  the  passage  of  any  sub- 
stances which  these  liquids  may  hold  in  suspension.  Again,  large  blocks  of 
stone  are  often  detached  in  quarries  by  introducing  wedges  of  dry  wood  into 
grooves  cut  in  the  rock.  These  wedges  being  moistened,  water  penetrates 
their  pores,  and  causes  them  to  swell  with  considerable  force.  Dry  cords, 
when  moistened,  increase  in  diameter  and  diminish  in  length — a  property  of 
which  advantage  has  been  taken  in  order  to  raise  great  weights. 

16.  OompreMlbiUty. — Compressibility  is  the  property  in  virtue  of  which 
the  volume  of  a  body  may  be  diminished  by  pressure.  This  property  is  at 
once  a  consequence  and  a  proof  of  porosity. 

Bodies  differ  greatly  with  respect  to  compressibility.  The  most  com- 
pressible bodies  are  gases ;  by  sufficient  pressure  they  may  be  made  to 
occupy  ten,  twenty,  or  even  some  hundred  times  less  space  than  they  do  under 
ordinary  circumstances.  In  most  cases,  however,  there  is  a  limit  beyond 
which,  when  the  pressure  is  increased,  they  become  liquids. 

The  compressibility  of  solids  is  much  less  than  that  of  gases,  and  is  found 
in  all  degrees.  Cloths,  paper,  cork,  woods,  are  amongst  the  most  com- 
pressible. Metals  are  so  also  to  a  great  extent,  as  is  proved  by  the  process 
of  coining,  in  which  the  metal  receives  the  impression  from  the  die.  There 
is,  in  most  cases,  a  limit  beyond  which,  when  the  pressure  is  increased,  btniies 
are  fractured  or  reduced  to  powder. 

The  compressibility  of  liquids  is  so  small  as  to  have  remained  for  a  long 
time  undetected  ;  it  may,  however,  be  proved  by  experiment,  as  will  be  seen 
in  the  chapter  on  Hydrostatics. 

17.  aiaatleity. — Elasticity  is  the  property  owing  to  which  bodies  resume 
their  original  form  or  volume,  when  the  force  which  altered  that  form  or 
volume  ceases  to  act.  Elasticity  may  be  developed  in  bodies  by  pressure 
by  traction  or  pullin^s  flexion  or  bending^  and  by  torsion  or  twisting.    In 
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treating  of  the  general  properties  of  bodies,  the  elasticity  developed  by 
pressure  akme  requires  consideration  ;  the  other  kinds  of  elasticity,  being 
peculiar  to  solid  bodies,  will  be  considered  amongst  their  specific  properties 
iaits.  89,  90,  91). 

Gases  and  liquids  are  perfectly  elastic ;  in  other  words,  after  undeigoing 
a  change  in  volume  they  regain  exactly  their  original  volume  when  the 
pressure  becomes  what  it  originally  was.  Solid  bodies  present  different  de- 
grees of  elasticity,  though  none  present  the  property  in  the  same  perfec- 
tion as  liquids  and  gases,  and  in  all  it  varies  according  to  the  time  during 
whkh  the  body  has  been  exposed  to  pressure.  Caoutchouc,  ivory,  glass, 
and  marble  possess  considerable  elasticity ;  lead,  clay,  and  fats,  scarcely 
My. 

There  is  a  limit  to  the  elasticity  of  solids,  beyond  which  they  either  break 
or  are  incapable  of  regaining  their  original  form  and  volume.  This  is  called 
the  iimii  0/  elasticity  ;  within  this  limit  all  substances  are  perfectly  elastic. 
In  sprains,  for  instance,  the  elasticity  of  the  tendons  has  been  exceeded. 
In  gases  and  liquids,  on  the  contrary,  no  such  limit  can  be  reached  ;  they 
always  regain  their  original  volume  when  the  original  pressure  is  restored. 

If  a  ball  of  ivory,  glass,  or  marble  be  allowed  to  fall  upon  a  slab  of  polished 
marble*  which  has  been  previously  slightly  smeared  with  oil,  it  will  rebound 
i-.«J  rii»e  to  a  hci;jht  nearly  equal  to  that  from  which  it  felL     On  afterwards 

•  'LTiininij  the  ball  a  circular  blot  of  oil  will  be  found  upon  it,  more  or  less 
f.:t-r>i\c  according  to  the  height  of  the  fall.  From  this  we  conclude  that  at 
*u-  moment  of  the  shock  the  ball  was  flattened,  and  that  its  rebound  was 

^ --<■■<]  by  the  effort  to  regain  its  original  form. 

1^.  Mobility*  motioB,  rest. — Mobility  is  the  property  in  virtue  of  which 
'■'  •  :rfi^iiion  of  a  body  in  space  may  be  changed. 

Motion  and  rest  may  be  either  relative  or  absolute.  By  the  relative 
^'•■ii'-n  or  rest  of  a  body  we  mean  its  change  or  permanence  of  position  with 

■  ^f-frrt  to  surrounding  bodies;  by  its  absolute  motion  or  rest  v^rt  mean  the 
■  i:i^c  of  permanence  of  its  position  with  respect  to  ideal  fixed  points  in 

f  hui  a  passenger  in  a  railway  carriage  may  be  in  a  state  of  relative  rest 
•:i  rt-pect  to  the  train  in  which  he  travels,  but  he  is  in  a  state  of  relative 

■  '.-'n  iiith  respect  to  the  objects,  such  as  trees,  houses,  &c.,  past  which  the 
".  r.  pj'jhes.     These  houses  again  enjoy  merely  a  state  of  relative  rest,  for 

•  '.anh  itself  which  bears  them  is  in  a  state  of  incessant  relative  motion 

::h  re-pcct  to  the  celestial  bodies  of  our  soLir  system,  inasmuch  as  it  moves 

«■  t::c  rate  of  more  than  eighteen  miles  in  a  second.     In  short,  .ibsolute 

"i^'^ion  and  rest  arc  unknovm  to  us  ;  in  nature,  relative  motion  and  rest  are 

I'-r.t  presented  to  our  obser\'ation. 

I  1.  tnmttiWL— Inertia  is  a  purely  negative  though  universal  property  of 
fitter  :6.  ;  it  is  the  property  that  matter  cannot  of  itself  change  its  own 
'.lit  of  motion  or  of  rest.     If  a  body  is  at  rest  it  remains  so  until  some 

•  r.t  acts  upon  it ;  if  it  is  in  motion  this  motion  can  only  be  changed  by  the 
4pp!:ca::on  of  some  force. 

rhii  property  of  inertia  is  what  is  expressed  by  Newton's  first  law  of 
.Tjt>tiim. 

A  body,  when  unsupported  in  mid-air,  does  not  fall  to  the  earth  in  virtue 
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of  any  inherent  property,  but  because  it  is  acted  upon  by  the  force  of  gravity. 
A  biliiard  ball  gently  pushed  does  not  move  more  and  more  slowly,  and 
finally  stop,  because  it  has  any  preference  for  a  state  of  resi^  but  because  its 
motion  is  impeded  by  the  friction  on  the  cloth  on  which  it  rolls,  and  by  the 
resistance  of  the  air.  If  all  impeding  causes  were  withdrawn^  a  body  once 
in  motion  would  continue  to  move  for  ever  in  a  straight  line  with  unchanging 
velocity. 

20.  lUuBtnfcUoni. — Numerous  phenomena  may  be  explained  by  the 
inertia  of  matter.  For  instance,  before  leaping  a  ditch  we  run  towards  it,  in 
order  that  the  motion  of  our  bodies  at  the  moment  of  leaping  may  add  itself 
to  the  muscular  effort  then  made. 

On  descending  carelessly  from  a  carriage  in  motion,  the  upper  part  of  the 
bi>dy  retains  its  motion,  whilst  the  feet  arc  prevented  from  doing  so  by  friction 
against  the  ground  ;  the  consequence  is  we  fall  towards  the  moving  carriage. 
A  rider  falls  over  the  head  of  a  horse  if  it  suddenly  stops.  In  striking  the 
handle  of  a  hammer  against  the  ground  the  handle  suddenly  stops,  but  the 
head,  striving  to  continue  its  motion,  fixes  itself  more  firmly  on  the  handle. 

By  the  property  of  inertia  may  also  be  explained  the  following  experi- 
ments : — Let  a  card  be  placed  upon  a  tumbler,  and  a  shilling  on  the  card  ; 
if  the  edge  of  the  card  be  smartly  flicked  with  the  finger  the  csird  is  driven 
away  and  the  coin  falls  into  the  tumbler.  A  gentle  push  with  the  finger  will 
move  a  door  on  its  hinges  ;  but  if  a  pistol  bullet  be  fired  against  the  door  it 
perforates  the  door  without  moving  it  A  clay  tobacco  pipe,  which  is  sus* 
pended  by  two  vertical  hairs,  may  be  cut  in  two  by  a  powerful  stroke  w*ith  a, 
sharp  sword  without  breaking  the  hairs, 

A  string  which  gently  applied  will  raise  a  weight,  snaps  at  once  when  a 
sudden  pull  is  exerted.  Substances  which  explode  with  great  rapidity,  such 
AS  fulminating  mercury,  chloride  of  nitrogen,  cannot  be  used  with  fire-arms, 
because  there  is  not  sufficient  time  to  transfer  the  motion  to  the  projectiles^ 
and  hence  the  w*eapons  are  burst. 

The  terrible  accidents  on  our  railways  are  chiefly  due  to  inertia-  Wlien 
the  motion  of  the  engine  is  suddenly  arrested  the  carriages  strive  to  continue 
the  motion  they  had  acquired,  and  in  dcnng  so  are  shattered  against  each 
other.  Hammers,  pestles,  stamjjers  are  applications  of  inertia.  So  are  also 
the  enormous  iron  fly-wheels,  by  which  the  motion  of  steam*engines  is 
regulated. 
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CHAPTER   III. 

ON   FORCE,   EQUILIBRIUM,  AND  MOTION. 

21.  immmm.wt%  of  tiine. — To  obtain  a  proper  measure  of  force  it  is 
necessary,  as  a  preliminary,  to  define  certain  conceptions  which  are 
presupposed  in  that  measure;  and  in  the  first  place,  it  is  necessary  to 
define  the  unit  of  time.  Whenever  a  second  is  spoken  of  ^^ithout  qualifi- 
ation  it  is  understood  to  be  a  second  of  mean  solar  time.  The  exact  length  of 
ihis  unit  is  fixed  by  the  following  considerations.  The  instant  when  the  sun's 
centre  is  on  an  observer's  meridian — in  other  words,  the  instant  of  the  transit 
cf  the  sun's  centre — can  be  determined  with  exactitude,  and  thus  the  inter\'al 
«  hich  elapses  between  two  successive  transits  also  admits  of  exact  determina- 
t  n,  and  is  called  an  apparent  day.  The  length  of  this  interval  differs 
;  jhtly  from  day  to  day,  and  therefore  does  not  ser\'e  as  a  convenient  measure 

•'  rime.  Its  az'erage  length  is  not  open  to  this  objection,  and  therefore 
-".es  as  the  required  measure,  and  is  called  a  tnean  solaf  dny.  The  short 
.'  i' i  of  a  common  clock  would  go  exactly  twice  round  the  face  in  a  mean 
-  ar  day  if  it  went  perfectly.    The  mean  solar  day  consists  of  24  equal  parts 

1  .e-d  hours^  these  of  60  equal  parts  called  minutes^  and  these  again  of  60 
*  -.1!  parts  called  seconds.     Consequently,  the  second  is  the  86,400th  part 

•  j  mean  solar  day,  and  is  the  generally* received  unit  of  time. 

r:.  Measure  of  •pace.— Space  may  be  either  length  or  distance^  which 

•  *:acc  of  one  dimension  ;  area^  which  is  space  of  two  dimensions  ;  or 

•  ume,  which  is  space  of  three  dimensions.  In  England  the  standard  of 
-rr.jth  is  the  British  Imperial  Yard,  which  is  the  distance  between  two  fixed 
;-  r.:s  on  a  certain  metal  rod,  kept  in  the  Tower  of  London,  when  the  tcmpera- 
' ''".  of  the  whole  rod  is  60°  F. »  i5°-5  C.     It  is,  however,  usual  to  employ  as 

-'..:.  a/<?^/,  which  is  the  third  part  of  a  yard.     In  France  the  standard  of 

'- r\\  is  the  metre  \  this  is  approximately  equal  to  the  ten-millionth  part  of 

-a'irant  of  the  earth's  meridian,  that  is  of  the  arc  from  the  Equator  to  the 

r\\  I'ole  ;  it  is  practically  fixed  by  the  distance  between  two  marks  on  a 

::;.:n  standard  rod.     The  relation  between  these  standards  is  as  follows  : 

I  yard   =0*914401  metre. 
I  metre-  10936 12  yard. 

Tne  unit  of  length  having  been  fixed,  the  units  of  area  and  volume  are 
'  n- ected  with  it  thus  :  the  unit  of  area  is  the  area  of  a  square,  one  side  of 
:.:  h  is  the  unit  of  length.  The  unit  of  volume  is  the  volume  of  a  cube,  one 
M.:c  of  which  is  the  unit  of  length.  These  units  in  the  case  of  English  mca- 
?-rt^  are  the  square  yard  (or  foot)  and  the  cubic  yard  (or  foot)  respectively  ; 
ir.  :rjc  case  of  French  measures,  the  square  metre  and  cubic  metre  respec- 
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tively.  The  length  of  the  seconds  pendulum,  in  lat.  45®,  which  is  about  that 
of  Milan,  is  o*9935m.,  and  thus  only  differs  from  a  metre  by  6*5  millimetres. 

23.  Measure  of  mass. — Two  bodies  are  said  to  have  equal  masses  when, 
if  placed  in  a  perfect  balance  in  vacuo^  they  counterpoise  each  other.  Suppose 
we  take  lumps  of  any  substance,  lead,  butter,  wood,  stone,  etc.,  and  suppose 
that  any  one  of  them  when  placed  on  the  onfe  pan  of  a  balance  will  exactly 
counterpoise  any  other  of  them  when  placed  on  the  opposite  pan — the  balance 
being  i>erfect  and  the  weighing  performed  in  vacuo  \  this  being  the  case, 
these  lumps  are  said  to  have  equal  masses. 

The  British  unit  of  mass  is  the  standard  pound  (avoirdupois),  which  is  a 
certain  piece  of  platinum  kept  in  the  Exchequer  Office  in  London.  This  unit 
having  been  fixed,  the  mass  of  a  given  substance  is  expressed  as  a  multiple 
or  submultiple  of  the  unit. 

It  need  scarcely  be  mentioned  that  many  distances  are  ascertained  and 
expressed  in  yards  which  it  would  be  physically  impossible  to  measure 
directly  by  a  yard  measure.  In  like  manner  the  masses  of  bodies  are  fre- 
quently ascertained  and  expressed  numerically  which  could  not  be  placed  in 
a  balance  and  subjected  to  direct  weighing. 

24.  Bensity  and  relatlTS  density- — If  we  consider  any  body  or  portion 
of  matter,  and  if  we  conceive  it  to  be  divided  into  any  number  of  parts  having 
equal  volumes,  then,  if  the  masses  of  these  parts  are  equal,  in  whatever 
way  the  division  be  conceived  as  taking  place,  that  body  is  one  of  uniform 
density.  The  density  of  such  a  body  is  the  mass  of  the  unit  0/ volume.  Con- 
sequently, if  M  denote  the  mass,  V  the  volume,  and  D  the  density  of  the 
body,  we  have 

M-VD. 

If  now  we  have  an  equal  volume  V  of  any  second  substance  whose  mass  is 
M'  and  density  D\  we  shall  have 

M'-VD'. 

Consequently,  D  :  D'::M  :  M';  that  is,  the  densities  of  substances  arc 
in  the  same  ratio  as  the  masses  of  equal  volumes  of  those  substances. 
If  now  we  take  the  density  of  distilled  water  at  4°  C.  to  be  unity,  the  relative 
density  of  any  other  substance  is  the  ratio  which  the  mass  of  any  given 
volume  of  that  substance  at  that  temperature  bears  to  the  mass  of  an  equal 
volume  of  water.  Thus  it  is  found  that  the  mass  of  any  volume  of  platinum 
is  22-069  times  that  of  an  equal  volume  of  water,  consequently  the  relative 
density  of  platinum  is  22-069. 

The  relative  density  of  a  substance  is  generally  called  its  specific  gravity. 
Methods  of  determining  it  are  given  in  Book  III. 

In  the  table  below  the  densities  D  of  various  substances,  expressed  in 
pounds  to  the  cubic  foot,  are  given,  and  column  G  gives  the  relative  densities 
of  the  same  substances. 

It  is  evident  that  column  G  is  obtained  by  dividing  the  values  in  column 

D  by  62-42. 

D.  G. 

Water 6242  1000 

Anthracite 11 2*  ^6  rSoo 

Cast  iron         .        .  .        .  44986  7*207 
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D.  G. 

Cast  copper 548*55  8788 

n    lead 70859  11-352 

„    platinum 1,269-43  20332 

Melting  ice 58*05  0*930 

In  the  mctnc  system,  since  the  mass  of  the  cubic  centimetre  of  water 
is  one  gramme,  it  is  evident  that  the  density  D,  in  grammes  to  the  cubic 
centimetre,  has  the  same  numerical  value  as  the  relative  density  referred  to 
«atcr. 

25.  ▼•loeity  and  Its  measure. — ^When  a  material  point  moves,  it  de- 
scribes a  continuous  line  which  may  be  either  straight  or  curved,  and  is 
called  its  path  and  sometimes  its  trajectory.  Motion  which  takes  place 
along  a  straight  line  is  called  rectilinear  motion  ;  that  which  takes  place 
ilong  a  curved  line  is  called  curvilinear  motion.  The  rate  of  the  motion  of 
a  point  is  called  its  velocity.  Velocity  may  be  either  uniform  or  variable  ;  it 
Vi  uniform  when  the  point  describes  equal  spaces  or  portions  of  its  path  in 
ajl  equal  times  ;  it  is  variable  when  the  point  describes  unequal  portions  of 
its  path  in  any  equal  times. 

I'niform  velocity  is  measured  by  the  number  of  units  of  space  described 

in  a  given  unit  of  time.      The  units  commonly  employed   in  this  country 

i'T  feet  and  seconds.     If,  for  example,  a  velocity  5  is  spoken  of  without 

.ji!  ncation,  this  means  a  velocity  of  5  feet   per  second.     Consequently, 

'  X  '"^idy  moves  for  /  seconds  with  a  uniform  velocity  ^',  it  will  describe 

-  .'  f-vt. 

1  he  following  are  a  few  examples  of  different  degrees  of  velocity  expressed 

-  :  .>  manner.  A  snail  0005  feet  in  a  second;  the  Rhine  between  Worms 
:.:  Mainz  3*3;  militar>'  quick  step  46;  moderate  wind  10;  fast  sailing 
•'.r-!  180;  Channel  steamer  220;  railway  train  36  to  75  feet;  racehorse 
•-. :  stf.rm  50  feet  ;  eagle  1 10  feet ;  carrier  pigeon  120  feet ;  a  hurricane  160 
'*-: .  sound  at  0°  1,090  ;  a  shot  from  an  Armstrong  gun  1,180  ;  a  Martini- 
.:--';  ride  bullet  1,330:  a  point  on  the  Equator  in  its  rotation  about  the 
':".".->  axi^  »o2o;  velocity  of  the  vibratory  motion  of  particles  of  air,  1590; 

•y  of  the  centre  of  the  earth  101,000  feet ;  light,  and  also  electricity  in 

r^.^'jn;  destitute  of  resistance  192,000  miles. 

Var.ablc  velocity  is  measured  at  any  instant  by  the  number  of  units  of 
' \'K  a  body  would  describe  if  it  continued  to  move  uniformly  from  that 
'-t'.ri!  for  a  unit  of  time.  Thus,  suppose  a  body  to  run  down  an  inclined 
:  \'r.  It  is  a  matter  of  ordinary'  observation  that  it  moves  more  and  more 
..  K  y  during  its  descent;  suppose  that  at  any  point  it  has  a  velocity  15, 
■  Tieans  that  at  that  point  it  is  moving  at  the  rate  of  15  ft.  per  second,  or, 
*  -her  words,  if  from  that  point  all  increase  of  velocity  ceased,  it  would  de- 
-"  f  15  ft.  in  the  next  second. 

z^j.  Force.— Forces  manifest  themselves  to  us  by  the  changes  which  they 
y  iucc.  or  tend  to  produce,  in  the  motion  of  matter.  The  action  of  forces 
r  ^.lusing  motion  is  best  expressed  in  Newton's  laws  :  The  first  law  is, 
/.  -  :ry  hi>dy  continues  in  its  state  of  rest  or  of  uniform  motion  in  a  straight 
.:rr\  except  as  it  is  compelled  by  forces  to  change  that  state. 

A  body  may  be  at  rest,  or  may  be  moving  uniformly  in  a  straight  line, 
«:  .ie  acted  upon  by  a  system  of  forces.     In  this  case  the  forces  are  said  to 
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balance  each  other.  If  a  constant  unbalanced  force  act  upon  a  body^ 
longer  move  uniformly,  The  velocity  will  increase  continually,  at  \ 
rate.  A  familiar  case  of  this  kind  is  found  in  the  attraction  of  the  i 
other  bodies.  According  to  Newton's  law  of  gravitation,  the  at 
between  two  masses,  one  of  which  contains  m  and  the  other  m*  \ 

mass,  is  —  r^i  where  r  is  the  distance  bet^i'een  the  centres  of  th^ 

(62).     If  one  of  the  masses   be   the  unit  mass,  or  one  pound,  th 
being  the  eanh,  the  above  expression  represents  the  pull  which  tb 
exerts  upon  a  pound  of  matter  :  this  pull  is  the  weight  of  a  pound.  ( 
It  is  important  to  distinguish  very  carefully  between  a  pound -1 
of  mass— and  tJie  weight  of  a  pound,  which  is  a  force.    Weight 
necessary  property  of  matter.     If  physical  conditions  were  such 
could  visit  the  centre  of  the  earth,  we  should  find  matter  withoti 
.although  its  other  properties  would  remain  unchanged.     A  bullet  fk 
I  gun,  although  weightless,  would  have  the  same  effect  as  at  the  91 
the  earth,  this  effect  being  dependent,  as  will  be  shown,  upon  the  an 
matter  (mass)  in  the  bullet  and  the  velocity  imparted,  and  having  no 
whatever  tn  the  weight  of  the  bullet     A  pound  of  sugar  at  the  cenin 
cai  th  would  have  precisely  the  same  sweetening  properties  as  at  the 
The  commercial  value  of  provision?*,  drugs,  *lc.,  is  therefore  strict^ 
lional  to  the  number  of  units  of  mass  purchased,  and  has  no  nea 
lion  to  the  weights  of  those  masses. 

It  is  also  to  be  observed  that,  if  masses  are  counterpoised 
balance  at  any  one  locality,  they  would  remain  balanced  at  any  oti 
since  the  weights  of  the  masses  wuuld  change  in  the  same  rada 

he  lever  balance  with  standard  ^  weights '  really  measures  the 
'  body»  and  not  its  weight,  and  the  standard  *  weights  *  should  really 
masses.     A  spring  balance  determines  weight  and  not  mass,  since 
cations  change  as  the  weight  of  the  mass  changes. 

At  the  centre  of  the  earth,  m.isses  could  not  be  detennined  by 
i  balance,  since  they  weigh  nothing,  and  any  mass  would  counter 
'^Other  mass. 

27.  WcAtnre  of  Faree«—  tn  devising  a  unit  in  which  to  measure 
most  convenient  to  make  use  of  the  attractive  force  of  the  earth.    Sup 
two  equal  masses,  F,  Jire  balanced  on  a  pulley  with  fixed  axle,  that  xY 
and  pulley  are  without  mass,  and  that  there  is  no  ^ 
y'^^V  air -resistance.    The  masses  P  are  tJien  perfectly  ij 

tension  on  the  string  is  the  pull  of  the  earth  onont  of  t] 

V^^^  \\  or,  in  other  words,  the  weight  of  P.     If  iJic  pulley 

by  a  force  which  then  ceases  to  act,  the  masses  will 

move  uniformly  according  to  the  first  law  of  motion,  tl 

Pp     on  the  string  being,  as  before,  the  weight  of  P.   Tliis 

true,  whatever  may  be  the  amount  of  matter  in  the 

if,  now,  the  masses  P  being   at  rest,  an  additional 

r*i,  4.  ^^  placed  on  one  side,  the  system  ^  ill  begin  to  ma 

tension  on  the  string  is  now*  greater  than  the  weight 

less  than  the  weight  of  P  4  w*     The  force  which  causes  the  moti 

pull  of  the  earth  on  m,  or  the  \ii!tght  of  ibe  added  mass.    The 
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now  iinifonnly  accelerated.  At  the  instant  of  starting,  the  velocity  is  zero. 
At  the  end  of  the  first  second,  the  velocity  will  be — say  a ;  at  the  end  of 
the  second  second,  2a  ;  and  at  the  end  of  /  seconds,  the  velocity  will  be  at. 
The  increase  in  the  velocity  per  second  is  a,  which  is  called  the  accelera- 
tion. 

If  the  mass  m  be  entirely  disconnected  from  the  masses  P  and  allowed 
to  fall  freely,  it  also  falls  with  an  uniformly  accelerated  motion ;  but  experi- 
ment shows  that  the  acceleration  is  greater  than  in  the  former  case.  This 
acceleration  of  a  freely  falling  body  is  usually  denoted  by  g.  The  force 
iliich  causes  the  motion  is,  however,  the  same  as  before,  being  the  weight 
of  m.  The  difference  in  the  two  cases  is,  that,  in  the  latter  case,  the  pull  of 
the  earth  on  m  is  employed  in  setting  in  motion  the  mass  m  only ;  while,  in 
the  former  case,  the  two  inert  masses  P  are  attached  to  m^  and  are  con- 
strained to  move  with  it,  the  mass  to  be  moved  being  thus  increased  without 
a  corresponding  increase  of  the  force  employed  in  moving. 

It  is  evident  that  if  the  masses  P  should  diminish  to  zero,  or  the  mass  m 
should  increase  until  it  became  very  large,  or  infinite,  the  weight  of  ///  would 
impart  a  greater  and  greater  acceleration,  until  finally  the  acceleration 
vould  become  g.  On  the  other  hand,  if  the  masses  P  should  become  very 
large  or  infinite,  or  the  mass  m  very  small,  or  zero,  the  acceleration  would 
■^;«'"me  zero.  It  is  shown  by  experiment  that  if  the  mass  ///  is  mace// 
:.':e^  as  j^reat  ^so  that  the  moving  force  is  ;/  times  as  great),  and  the  masses 
}' are  equally  diminished — so  that  2 Pi-;;/  is  unchanged — the  acceleration 
'>r:omes  //  times  as  great,  so  that,  the  mass  to  be  moved  being  unchanged, 
the  acceleration  is  directly  proportional  to  the  force  applied.  If,  however, 
•  .e  mass  m  be  made  n  times  as  great,  and  it  is  desired  to  have  the  accelera- 
:-■  n  remain  unchanged,  it  is  found  that  the  masses  P  must  be  equally 
:-.  reascd  in  such  a  way  that  2P  +  ///  has  also  become  //  times  as  great. 
Tr.o  shows  that,  the  acceleration  remaining  constant,  the  force  applied  must 
'-■.an-^e  in  the  same  ratio  as  the  mass. 

From  these  experiments  it  follows  that  if  any  force  F  is  applied  in  giving 
^'j:'ormly  accelerated  motion  to  a  mass  M,  the  acceleration  being  a,  then 

Here  M  is  measured  in  pounds,  and  the  acceleration  a  measures  the 
^';a^;;e  in  velocity  of  .M  in  feet  per  second.  K  is  a  constant,  the  numerical 
"A.'it.  of  which  will  depend  upon  the  unit  which  we  now  adopt  in  which  to 
nc.'tsure  F.  If,  as  is  customar>',  we  adopt  as  the  unit  force  that  force  which 
^.il  make  a^  i  when  M  «=  i,  then  we  at  the  same  time  necessarily  make  the 
r^^mainipg  quantity  K  in  the  last  equation  equal  to  i  ;  and,  measured  in  these 

F  =  Mil. 

The  unit  force  is  then  that  force  which  can  impart  unit  acceleration  to 
un:!  mass. 

If  V  represent  the  initial  velocity  of  a  body,  and  7/  its  final  velocity,  tlie 

grange  in  velocity  having  taken  place  in  /  seconds,  then  the  change  per 

stTor.d  is  ,. 

v—\ 
a^    -       . 

/ 
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This  value  of  a  in  the  previous  equation  gives 

F 

28.  Momentum. — It  thus  appears  that  the  number  of  units  of  force  in 
any  force  which,  acting  for  /  seconds  on  a  mass  M,  is  capable  of  changing  its* 
velocity  from  V  to  Vy  is  measured  by  the  change  per  second  in  the  product 
Mt/.  This  quantity  Mt/,  being  thus  an  important  one,  has  received  a  special 
naimt— momentum.  We  may  now  say  that  the  number  of  units  in  a  force  is 
measured  by  the  change  in  momentum  which  it  can  produce  per  second, 
which  is  the  substance  of  Newton's  second  law  of  motion. 

29.  AeoeleimtloB  of  Oimrity. — At  London,  the  force  with  which  the 
earth  attracts  a  pound  of  matter  is  capable  of  imparting  to  the  pound  an 
acceleration  of  32*1912.  At  other  places,  the  acceleration  is  different,  and 
may  be  denoted  by  ^.  Hence,  at  London,  the  weight  of  a  pound,  expressed 
in  the  units  which  we  have  chosen  for  measuring  forces,  will  be  32-1912.  At 
any  other  point  on  the  earth,  or  in  the  interior  of  the  earth,  or  at  any  point 
outside,  where  the  acceleration  of  a  falling  body  is  ^,  the  number  of  units  of 
force  in  the  weight  of  a  pound  is  g.  The  number  w  of  units  of  force  in  the 
weight  of  m  pounds  is  given  by  the  equation 

wm£^. 

If  at  some  point  where  the  acceleration  is  32  it  is  found  that  the  weight 
of  10  lb.,  or  320  units  of  force,  is  sufficient  to  serve  as  the  driving- weight  to 
a  certain  clock,  then  at  some  other  point,  where  the  acceleration  is  16,  it 
would  be  necessary  to  use  the  weight  of  20  lb.  in  order  to  secure  the  same 
effect. 

The  weight  of lb.,  or  0*49  or.  at  London,  is  a  unit  of  force.    At 

**  32*1912 

any  other  point,  where  the  acceleration  is  r,  the  weight  of  -  lb.  is  the  unit  of 

force.  Where  great  accuracy  is  not  required,  it  is  customary  to  take  the 
weight  of  the  pound  as  the  unit  of  force,  and  then  the  intensity  of  the  force 
is  given  in  pounds  weight,  a  unit  which  varies  slightly  for  different  places  on 
the  earth,  as  ^  varies.  In  like  manner,  for  ordinary  purposes,  a  land 
sur\'eyor  does  not  find  it  necessary  to  make  corrections  for  the  varying 
length  of  his  chain  due  to  changes  in  temperature,  although  such  correc- 
tions are  highly  important  in  the  more  refined  operations  of  a  geodetic 
survey. 

Pendulum  observations  (79)  show  that  at  any  given  place  the  acceleration 
of  a  falling  body  is  constant,  but  it  is  found  to  have  different  values  at  dif- 
ferent places  ;  adopting  the  units  of  feet  and  seconds,  it  is  found  that  very 
approximately 

^-^(i  -000256  cos  2<f}), 

at  a  station  whose  latitude  is  </>,  where  g^  denotes  the  number  32*1724,  or 
the  value  of  ^  at  lat.  45**. 

Experience  teaches  that  in  all  cases  where  a  force  is  exerted  there  must 
be  two  bodies,  between  which  the  force  acts.     Newton's  third  law  asserts 
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aclion  of  the  two  bodies  is  always  equal  and  oppositely 

^on  of  the  eanh  for  m  pounds  of  matter  is  mg,  where  ^  is  the 
Ion  of  the  body.  The  aiiraction  of  the  nt  pounds  for  the  eanh  is 
tie  M  13  ibe  mass  of  ihe  earth  in  pounds^  and  a  is  the  acceleration 
dt  it  miMPes  towards  m.    According  to  the  third  law  of  motion 


K  M.4A  -  m^^ 


ides  oia 


k  a  imaH  body,  like  a  few  thousand  pound s,  since  the  mass  of  the 
•cry  large,  the  acceleration  of  the  earth  will  be  inappreciable.  If  m 
we  equ;»l,  a  And  g  would  be  equal  Remembering^  that  the  ace  el  e* 
the  chatige  per  second  in  the  velocity,  if  the  two  bodies  move 
^ach  other  for  /  seconds,  the  initial  velocities  being  \\  and  V^,  and 
ities  T'l  and  z/,,  the  above  expression  becomes 

/  -         j^ 

f  out  of  this  equation,  it  will  follow  that  the  two  bodies  which 
attract  cadi  other  will  suffer  equal  changes  of  momenta  in  the 
m.  If  the  two  bodies  start  from  rest  at  the  same  instant,  so  that  \\ 
re  zero,  then 

Mvi  =  tnv„ 

rin  have  equal  momenta  at  the  same  instant.  The  momenta  of  a 
ipcnded  rifle  and  a  bullet  fired  from  it  will  be  equal  so  long  as  the 
tlie  barrel.  If  the  rifle  is  supported,  the  supporting  body  must  be 
with  the  rifle  in  the  value  M. 

«pvM0Btatlmi  of  rore«a. — Draw  any  straight  line  AB  (flg.  5),  and 
f  point  O  in  it    We  may  suppose  a  force  to  act  on  the  point  O, 
I  Ibie  AB,  either  towards  A  or  B  :  then  O  is 
i  faint  of  application  of  the  force,  AB  its  line  ll    jc        o        21     A 
;  if  it  acts  towards  A,  its  direction  is  OA,  if  pjg  5^ 

9y  its  direction  is  OB.    It  is  rarely  necessary 

dK  distinction  between  the  line  of  action  and  direction  of  a  force  ; 
"erjr  convenient  to  make  the  convention  that  the  statement — a  force 
point  O  along  the  line  OA — means  that  it  acts  from  O  to  A.  Let 
le  the  force  which  acts  on  O  along  OA  to  contain  P  units  of  force  ; 
Mrards  A  measure  ON,  containing  P  units  of  length,  the  line  ON  is 
"present  the  force.  The  analogy  between  the  line  and  the  force  is 
plete  ;  the  line  ON  is  drawn  from  O  in  a  given  direction  OA,  and 
A  given  number  of  units  P,  just  as  the  force  acts  on  O  in  the  direc- 
aad  contains  a  g^ven  number  of  units  P.  It  is  scarcely  necessary 
lat  if  an  equal  force  were  to  act  on  O  in  the  opposite  direction,  it 
said  to  act  in  the  direction  OB,  and  would  be  represented  by  OM, 
amplitude  to  ON. 

I  we  are  considering  several  forces  acting  along  the  same  line  we 
sae  their  directions  by  the  positive  and  negative  signs.  Thus  the 
rrtwftf^'f  above  would  be  denoted  by  the  symbols  +  P  and  —  P 


€ 
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31.  rorees  aetlar  alonr  tbe  same  line.— If  forces  act  on  the  point  0 
in  the  direction  OA  equal  to  P  and  Q  units  respectively,  they  are  equivalent 
to  a  single  force  R  containing  as  many  units  as  P  and  Q  together — ^that  is, 

R  =  P  +  Q. 

If  the  sign  +  in  the  above  equation  denote  a^^^m/Va/ addition,  the  equation 
will  continue  true  whether  one  or  both  the  forces  act  along  OA  or  OB.  It 
is  plain  that  the  same  rule  can  be  extended  to  any  number  of  forces,  and  if 
several  forces  have  the  same  line  of  action,  they  are  equivalent  to  one  force 
containing  the  same  number  of  units  as  their  algebraical  sunL  Thus  if 
forces  of  3  and  4  units  act  on  O  in  the  direction  OA,  and  a  force  of  8  in  the 
direction  OB,  they  are  equivalent  to  a  single  force  containing  R  units  given 
by  the  equation 

R-3+4-8-   -i; 

that  is,  R  is  a  force  containing  one  unit  acting  along  OB.  This  force  R  is 
called  their  resultant.  If  the  forces  are  in  equilibrium  R  is  equal  to  zera 
In  this  case  the  forces  have  equal  tendencies  to  move  the  point  O  in  opposite 
directions. 

32.  meaaltant  and  eamponenta.— In  the  last  article  we  saw  that  a  single 
force  R  could  be  found  equivalent  to  several  others  ;  this  is  by  no  means 
peculiar  to  the  case  in  which  all  the  forces  have  the  same  line  of  action  ;  in 

fact,  when  a  material  point,  A  (fig.  6),  remains  in  equili- 
brium under  the  action  of  several  forces,  S,  P,  Q,  it  does 
so  because  any  one  of  the  forces,  as  S,  is  capable  of 
neutralising  the  combined  effects  of  all  the  others.  If  the 
force  S,  therefore,  had  its  direction  reversed,  so  as  to  net 
along  AR,  the  prolongation  of  AS,  it  would  produce  the 
same  effect  as  the  system  of  forces  P,  Q. 

Now,  a  force  whose  effect  is  equivalent  to  the  combined 
effects  of  several  other  forces  is  called  their  resultant^  and 
with  respect  to  this  resultant,  the  other  forces  are  termed 
\    components. 

pN       When  the  forces  P,  Q  act  on  a  point  they  can  only 
have  one  resultant  ;  but  any  single  force  can  be  resolved 
into  components  in  an  indefinite  number  of  ways. 
If  a  point  move  from  rest,  under  the  action  of  any  number  of  forces,  it 
will  begin  to  move  in  the  direction  of  their  resultant. 

33.  Varallelorrmm  of  forces. — When  two  forces  act  on  a  point  their 
resultant  is  found  by  the  following  theorem,  known  as  the  principle  of  the 
parallelogram  of  forces  : — If  two  forces  act  on  a  pointy  and  if  lines  be  drawn 
from  that  point  representing  the  forces  in  magnitude  and  direction^  emd  m 
paridlelogram  be  constructed  on  these  lines  as  sides^  their  resultant  uHU  hi 
represented  in  magnitude  and  direction  by  that  diagonal  which  passes  through 
the  point.  Thus  let  P  and  Q  (fig.  7)  be  two  forces  acting  on  the  point  A 
along  AP  and  AQ  respectively,  and  let  AH  and  AC  be  taken  containing  the 
same  number  of  units  of  length  that  P  and  Q  contain  units  of  force  ;  let  the 
parallelogram  ABDC  be  completed,  and  the  diagonal  AD  drawn  :  then  the 
theorem  states  that  the  resultant,  R,  of  V  and  Q  is  represented  by  AI)  ;  that 
is  to  say,  P  and  O  together  are  equal  to  a  single  force  R  acting  along  the 
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line  AD,  and  containing  as  many  units  of  force  as  AD  contains  units  of 
lo^th. 

Proofs  of  this  theorem  are  given  in  treatises  on  Mechanics  ;  we  will  here 
five  an  account  of  a  direct  experimental  verification  of  its  truth  ;  but  before 
doing  so  we  must  premise  an  account  of  a  very  simple  experiment. 

Let  A  {fk%.  8)  be  a  small  pulley,  and  let  it  turn  on  a  smooth,  hard,  and 
thin  axle  with  little  or  no  friction  :  let  W  be  a  weight  tied  to  the  end  of  a 
6ne  thread  which  passes  over  the  pulley  ;  let  a  spring  CD  be  attached  by 
one  end  to  the  end  C  of  the  thread  and  by  the  end  D  to  another  piece  of 
thread,  the  other  end  of  which  is  fastened  to  a  fixed  point  B  ;  a  scale  CE 
can  be  fastened  by  one  end  to  the  point  C  and  pass  inside  the  spring  so  that 
the  elongation  of  the  spring  can  be  measured  Now  it  will  be  found  on  trial 
that  with  a  g^ven  weight  W  the  elongation  of  the  spring  will  be  the  same 
whatever  the  angle  contained  between  the  parts  of  the  string  WA  and  BA. 


Fig.  8. 


Fig.  7. 
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".  ir  would  be  found  that  if  the  whole  were  suspended  from  a  fixed  point, 
tead  of  passing  over  the  pulley,  the  weight  would  in  this  case  stretch  the 
-1^  to  the  same  extent  as  before.  This  experiment  shows  that  when  care 
L^ken  to  diminish  to  the  utmost  the  friction  of  the  axle  of  the  pulley,  and 
\  imperfect  flexibility  of  the  thread,  the  weight  of  W  is  transmitted  wiih- 
:  ^^-n^ible  diminution  to  B,  and  exerts  on  that  point  a  pull  or  force  along 
\  :ir.e  BA  virtually  equal  to  W. 

Thi^  being  premised,  an  experimental  proof,  or  illustration  of  the  paral- 
■rram  of  forces,  may  be  made  as  follows  : — 

>  jpp'Vic  H  and  K  (fig.  9}  to  be  two  pulleys  with  axles  made  as  smooth 
'  rr.c  as  possible  ;  let  P  and  Q  be  two  weights  suspended  from  fine  and 
v/le  threads  which,  .ifter  passing  over  H  and 
ire  fastened  at  A  to  a  third  thread  AL,  from 
i'-h  hangs  a  weight  R  ;  let  the  three  weights 
-r:c  to  rest  in  the  positions  shown  in  the  figure. 
"X  the  point  \  is  acted  on  by  three  forces  in 
■-  lihrium — viz.  P  from  A  to  H,  Q  from  A  to 
.  ind  R  from  A  to  L,  consequently  any  one  of 
•— .  must  be  equal  and  opposite  to  the  resul- 
'T  of  the  other  two.  Now  if  we  suppose  the 
.i.irritns  to  be  arranged  immediately  in  front 
1  larze  slate,  we  can  draw  lines  upon  it  coinciding  with  .AH,  AK,  and  AL. 
nov  we  measure  off  along  AH  the  part  AB  containing  as  many  inches  as 
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P  contains  pounds,  and  along  AK  the  part  AC  containing  as  many  inches  as 
(2  contains  pounds,  and  complete  the  parallelogram  ABC D,  it  will  be  found 
that  the  diagonal  AD  is  in  the  same  line  as  AL,and  contains  as  many  inches 
as  R  weighs  pounds.  Consequently,  the  resultant  of  P  and  Q  is  represented 
by  AD.  Of  course,  any  other  units  of  length  and  force  might  have  been 
employed.  Now  it  will  be  found  that  when  P,  Q,  and  R  are  changed  in 
any  way  whatever,  consistent  with  equilibrium,  the  same  construction  can  be 
made— the  point  A  will  have  different  positions  in  the  different  cases  ;  but 
when  equilibrium  is  established,  and  the  parallelogram  ABCD  is  constructed, 
it  will  be  found  that  AD  is  vertical,  and  contains  as  many  units  of  length  as 
R  contains  units  of  force,  and  consequently  it  represents  a  force  equal  and 
opposite  to  R— that  is,  it  represents  the  resultant  of  P  and  Q. 

34.  Kesnltant  of  any  Bnmber  of  forces  aettB^  In  obo  plmae  ea  a 
point.— Let  the  forces  P,  Q,  R,  S  (fig.  10)  act  on  the  point  A,  and  let  them 

be  represented  by  the  lines  AB,  AC,  AD,  AE,  as 
shown  in  the  figure.  Firsts  complete  the  parallelo- 
gram  ABFC  and  join  AF  ;  this  line  represents  the 
resultant  of  P  and  Q.  Secondly^  complete  the 
parallelogram  AFGD  and  join  AG  ;  this  line  re- 
presents the  resultant  of  P,  Q,  R.  Thirdly^  com- 
plete the  parallelogram  AG  HE  and  join  AH  ;  this 
line  represents  the  resultant  of  P,  Q,  R,  S.  It  is 
manifest  that  the  construction  can  be  extended  to 
any  number  of  forces.  A  little  consideration  will 
show  that  the  line  AH  might  be  determined  by  the 
following  construction  : — Through  B  draw  BF 
parallel  to,  equal  to,  and  towards  the  same  part  as  AC ;  through  F  draw 
FG  parallel  to,  equal  to,  and  towards  the  same  part  as  AD ;  through  G  draw 
GH  parallel  to,  equal  to,  and  towards  the  same  part  as  AE  ;  join  AH,  then 
AH  represents  the  required  resultant. 

35.  Triauffle  of  Voroes. — If  the  resultant  of  the  forces  is  zero,  they  have 
no  joint  tendency  to  move  the  point,  and  consequently  are  in  equilibrium. 

The  case  of  three  forces  acting  on  a  point  is  of  such  importance  that  we 
may  give  a  brief  statement  of  it.  Let  P,  Q,  R  (fig.  12)  be  three  forces  in 
equilibrium  on  the  point  O.  From  any  point  B  draw  BC 
parallel  to  and  towards  the  same  part  as  OP,  from  C  draw 
CA  parallel  to  and  towards  the  same  part  as  OQ,  and 
take  CA  such  that  P  :  Q  ::  HC  :  CA  ;  then,  on  joining 
AH,  the  third  force  R  must  .ict  along  OR  parallel  to  and 
towards  the  same  part  as  Ali,  and  must  be  proportional 
in  majjniiudc  to  AB.  This  construction  is  frequently 
called  the  Trianjrie  of  Forces.  It  is  evident  that  while 
the  sides  of  the  triangle  arc  severally  proportional  to  P, 
(2,  K,  the  angles  A,  B,  C  are  supplementar>'  to  QOR, 
R()l\  POy  respectively  ;  consequently,  cvcr\-  trigono- 
metric il  relation  existing;  between  the  sides  and  angles  of  ABC  will  equally 
exist  between  the  forces*  P,  <^,  K,  and  the  supplements  of  the  angles  Ixnwcen 
their  directions.  Thus  in  the  triangle  AHC  it  is  known  that  the  sidc>  aie 
proportional  to  the  sines  of  the  opposite  angles  ;  now,  since  the  sines  of  the 
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angles  are  equal  to  the  sines  of  their  supplements,  we  at  once  conclude  that 
•SL'ken  three  forces  are  in  equilibrium^  each  is  proportional  to  the  sine  of  the 
•MgU  between  the  directions  of  the  other  two, 

36.  KooMmts  of  Voroes. — Let  P  (fig.  12)  denote  any  force  acting  from  B 
to  P,  take  A  any  point,  let  fall  AN  a  perpendicular  from  A  on  BP.  The 
product  of  the  number  of  units  of  force  in  P,  and  the  number  of  units  of 
length  in  AN,  is  called  the  moment  of  P  with  respect  to  A.  Since  the  force 
P  can  be  represented  by  a  straight  line,  the  moment  of  P  can  be  represented 
by  an  area.  In  fact,  if  BC  is  the  line  representing  P,  the  moment  is  properly 
represented  by  twice  the  area  of  the  triangle  ABC.  The  perpendicular  AN 
is  sometimes  called  the  arm  of  the  pressure.  Now  if  a  watch  were  placed 
«ith  its  face  upwards  on  the  paper,  the  force  P  would  cause  the  arm  AN  to 
tnm  round  A  in  the  contrary  dXx^cXxon  to  the  hands  of  the 
watch.  Under  these  circumstances,  it  is  usual  to  con- 
sider the  moment  of  P  with  respect  to  the  point  A  to  be 
positive.  If  P  acted  from  C  to  B,  it  would  turn  NA  in 
the  sarnie  direction  as  the  hands  of  the  watch,  and  now  its 
moment  is  reckoned  negative. 

It  is  a  simple  geometrical  consequence  of  the  paral- 
!e!ojn^m  of  forces  (33)  that  the  moment  of  the  resultant 
T.uiils  the  sum  of  the  moments  of  the  component  forces,  regard  being  had  to 
the  yii^ns  of  the  moments. 

if  the  priint  about  which  the  moments  are  measured  be  taken  in  the  direc- 
^^•-n  of  the  resultant,  its  moment  with  respect  to  that  point  will  be  zero  ;  and 
c  r.iequently  the  sum  of  the  moments  with  respect  to  such  point  will  be  zero. 

;7.  Compost tion  and  resolntloii  of  parallel  forces. — The  case  of  the 
e-.'jilibrium  of  three  parallel  forces  is  merely  a  particular  case  of  the  equili- 
tnjm  of  three  forces  acting  on  a  point.  In  fact,  let 
\'  '^A  O  be  two  forces  whose  directions  pass  through 
^''^  p«nnts  A  and  H,  and  intersect  in  O  ;  let  them  be 
!ti!anced  by  a  third  force  R  whose  direction  produced 
i-!tr>ccts  the  line  .AB  in  C.  Now  suppose  the  point 
♦ »  !■>  move  along  AO,  gradually  receding  from  A,  the 
rui^r.itude  and  direction  of  R  will  continually  change, 
ir.c  also  the  point  C  will  continually  change  its 
;«*.ti<»n,  but  will  always  lie  between  A  and  B.  In  the 
'.  r.:t  P  and  O  become  parallel  forces,  acting  towards 
•he  same  part  balanced  by  a  parallel  force  R  acting 
t  *ards  the  contrary  part  through  a  point  X  between 
.\  and  B.  The  question  is  : — Firsts  in  this  limiting 
r.i>e,  what  is  the  value  of  R  ;  secondly^  what  is  the  position  of  X  .•*  Now  with 
rf^urd  to  the  first  point  it  is  plain  that  if  a  triangle  abc  be  drawn  as  in  art. 
3>  the  angles  a  and  b  in  the  limit  will  vanish,  and  c  will  become  180  , 
f  ■  rjieijuently  ab  ultimately  equals  ac  +  cb  ; 

^r  R  -  P  +  Q. 

V.i'h  regard  to  the  second  point  it  follows  from  last  article  (36)  that   the 
r«-ntnt5  of  P  and  Q  about  C  are  always  equal,  whence 

AX:XB::Q:P, 
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a  proportion  which  determines  the  position  of  X.   Hence  the  following  rules 
for  the  composition  of  any  two  parsdiel  forces,  viz. — 

I.  When  two  parallel  forces  P  and  Q  act  towards  the  same  part,  at  rigidly 
connected  points  A  and  B,  their  resultant  is  a  parallel  force  acting  towards 
the  same  part,  equal  to  their  sum,  and  its  direction  divides  the  line  AB 
into  two  parts  AC  and  CB  inversely  proportional  to  the  forces  P  and  Q. 

II.  When  two  parallel  forces  P  and  Q  act  towards  contrary  parts 
at  rigidly  connected  points  A  and  B,  of  which  P  is  the  greater,  their 
resultant  is  a  parallel  force  acting  towards  the  same  part  as  P,  equal  to  the 
excess  of  P  over  Q,  and  its  direction  divides  BA  produced  in  a  point  C  such 
that  CA  and  CB  are  inversely  proportional  to  P  and  Q. 

In  each  of  the  above  cases  if  we  were  to  apply  R  at  the  point  C,  in 
opposite  directions  to  those  shown  in  the  figure,  it  would  plainly  (by  the  above 
theorem)  balance  P  and  Q,  and  therefore  when  it  acts  as  shown  in  figs.  14 
and  15  it  is  the  resultant  of  P  and  Q  in  those  cases  respectively.  It  will,  of 
course,  follow  that  the  force  R  acting  at  C  can  be  resolved  into  P  and  Q 
acting  at  A  and  B  respectively. 


r 


Fig.  14.  Fig.  IS. 


If  the  second  of  the  above  theorems  be  examined,  it  will  be  found  thai 
no  force  R  exists  equivalent  to  P  and  Q  when  these  forces  are  equal  Two 
such  forces  constitute  a  couple^  which  may  be  defined  to  be  two  equal  parallel 
forces  acting  towards  contrary  parts  ;  they  possess  the  remarkable  property 
that  they  are  incapable  of  being  balanced  by  any  single  force  whatsoever. 

In  the  case  of  more  than  two  parallel  forces  the  resultant  of  any  two  can 
be  found,  then  of  that  and  a  third,  and  so  on  to  any  number ;  it  can  be 
shown  that  however  great  the  number  of  forces  they  will  either  be  in  equili- 
brium or  will  reduce  to  a  single  resultant  or  to  a  couple. 

38.  Centre  of  parallel  forees. — On  referring  to  figs.  14  and  15,  it  will 
be  remarked  that  if  we  conceive  the  points  A  and  B  to  be  fixed  in  the 
directions  AP  and  BQ  of  the  forces  P  and  Q,  and  if  we  suppose  those 
directions  to  be  turned  round  A  and  B,  so  as  to  continue  parallel  and  to 
make  any  given  angle  with  their  original  directions,  then  the  direction  of 
their  resultant  will  continue  to  pass  though  C  ;  that  point  is  therefore  called 
the  centre  of  the  parallel  forces  P  and  Q. 

It  appears  from  investigation,  that  whenever  a  system  of  parallel  forces 
rctiuces  to  a  single  resultant,  those  forces  will  have  a  centre ;  that  is  to  say, 
if  we  conceive  each  of  the  forces  to  act  at  a  tixed  point,  there  will  be  a  point 
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through  which  the  direction  of  their  resultant  will  pass  when  the  directions 
of  the  forces  are  turned  through  any  equal  angles  round  their  points  of 
application  in  such  a  manner  as  to  retain  the  parallelism  of  their  directions. 
The  most  familiar  example  of  a  centre  of  parallel  forces  is  the  case  in 
vhich  the  forces  are  the  weights  of  the  parts  of  a  body  ;  in  this  case  the 
forces  all  acting  towards  the  same  part  will  have  a  resultant,  viz.  their  sum  ; 
azui  their  centre  is  called  the  centre  ofgrcnHty  of  the  body. 

39.  ■^■■Ilty  of  metloB  and  reaction. — We  will  proceed  to  exemplify 
some  of  the  principles  now  laid  down  by  investigating  the  conditions  of 
equilibrium  of  bodies  in  a  few  simple  cases  ;  but  before  doing  so  we  refer 
a^ain  to  the  law  stated  in  art  (29)  and  which  holds  good  whenever  a  mutual 
action  is  called  into  play  between  two  bodies.  Reaction  is  always  equal  and 
amtrary  to  action  :  that  is  to  say^  the  mutual  actions  of  two  bodies  on  each 
^tirr  are  always  forces  equal  in  amount  and  opposite  in  direction^  and  is 
equally  true  when  the  bodies  are  in  motion  as  well  as  when  they  are  at  rest. 
A  very  instructive  example  of  this  law  has  already  been  given  (33),  in  which 
the  action  on  the  spring  CD  (fig.  7)  is  the  weight  W  transmitted  by  the 
spring  to  C,  and  balanced  by  the  reaction  of  the  ground  transmitted  from  B 
to  D.  Under  these  circumstances  the  spring  is  said  to  be  stretched  by  a 
irjfcc  W.  If  the  spring  were  removed,  and  the  thread  were  continuous  from 
A  "}  B,  it  is  clear  that  any  part  of  it  is  stretched  by  two  equal  forces,  viz.  an 
*rt  '.n  and  reaction,  each  equal  to  \V,  and  the  thread  is  said  to  sustain  a 
r*:r.7.'/n  W.  When  a  body  is  urged  along  a  smooth  surface,  the  mutual 
^  :  on  can  only  take  place  alonjj  the  common  perpendicular  at  the  point  of 
'  nutCL  If,  however,  the  bodies  are  rough,  this  restriction  is  partially  re- 
r:'\^<i.  and  now  the  mutual  action  can  take  place  in  any  direction  not 
-.1.:  n^  an  angle  greater  than  some  determinate  angle  with  the  common 
>  n>end;cular.      This  determinate  angle  has  different  values  for  different 

-  /-tances,  and  is  sometimes  called  the  limiting  angle  of  resistance^  some- 
•  r-e>  the  angle  of  repose. 

40.  Xtoe  leror  is  a  name  given  to  any  bar  straight  or  curved,  AB  (fig.  16) 
r*:-:ir. -5'  on  a  fi-xed  p>oint  or  edge  c  called  the  fulcru7n.  The  forces  acting  on 
'::*z  If.er  are  the  weight  or  resistance  Q, 
-'.'r  p^-uer  P,  and  the  reaction  of  the 
r^'cnim.  Since  these  are  in  equilibrium, 
•ht  resultant  of  F  and  Q  must  act  through 
..  f  -r  otherwise  they  could  not  be  balanced 

>  rhe  reaction.  Draw  cb  at  right  angles 
•>  <.^B    and    ca   to    PA  produced;    then 

;v::rving  that  P  x  ca^  and  Q  x  cb  arc  the 
r.  ^mcnts  of  P  and  Q  with  respect  to  r, 
*r,'i  that  they  have  contrary  signs,  we 
h^ve  by  .36), 

P  X  ra  •■  Q  X  ^^  ; 

IT  ^..pjation  commonly  expressed  by  the 
r.^,  *hat  in  the  lever  the  power  is  to  the 

-  ii^ht  in  tlu  inverse  ratio  of  their  arms. 

Levers  are  divided  into  three  kinds,  according  to  the  position  of  the 
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fulcrum  with  respect  to  the  points  of  application  of  the  power  and  the  weight 
In  a  lever  of  the  first  kind  the  fulcrum  is  between  the  power  and  resistance, 
as  in  fig.  i6,  and  as  in  a  poker  and  in  the  common  steelyard ;  a  pair  of 
scissors  and  a  carpenter's  pincers  are  double  levers  of  this  kind.  In  a  lever 
of  the  second  kind  the  resistance  is  between  the  power  and  the  fulcrum,  as  in 
a  wheelbarrow,  or  a  pair  of  nutcrackers,  or  a  door  ;  in  a  lever  of  the  third 
kind  the  power  is  between  the  fulcrum  and  the  resistance,  as  in  a  pair  of 
tongs  or  the  treadle  of  a  lathe. 

41.  Vmieys. — The  pulley  is  a  hard  circular  disc  of  wood  or  of  metal,  in 
the  edge  of  which  is  a  groove,  and  which  can  turn  freely  on  an  axis  in  the 
centre.  Pulleys  are  cither  yfjr^,  as  in  fig.  17,  where  the  stirrup  or  fork  is 
rigidly  connected  with  some  immovable  body,  and  where  the  axis  rotates  in 
the  stirrup  ;  or  it  may  be  movable,  as  in  fig.  18,  where  the  axis  is  fixed  to 
the  fork,  and  it  passes  through  a  hole  in  the  centre  of  the  disc.  The  rope 
which  passes  round  the  pulley  in  fig.  17,  supports  a  weight  at  one  end ;  while 
at  the  other  a  pull  is  applied  to  hold  this  weight  in  equilibrium. 

We  may  look  upon  the  power  and  the  resistance  as  acting  at  the  circum- 
ference of  the  circle  ;  hence  as  the  radii  are  equal,  if  we  consider  the  pulley 

as  a  lever,  the  two  arms 
are  equal,  and  equilibrium 
will  prevail  when  the  power 
and  the  resistance  are  equal 
The  fixed  pulley  affords  thus 
no  mechanical  advantage, 
but  is  simply  convenient  in 
changing  the  direction  of 
the  application  of  a  force. 

In  the  case  of  the  mov- 
able pulley  one  end  of  the 
rope  is  suspended  to  a  fixed 
point  in  a  beam,  and  the 
weight  is  attached  to  the 
hook  on  which  the  pulley 
acts.  The  tension  of  the 
rope  is  everywhere  the  same ; 
one  portion  of  the  weight 
is  supported  by  the  fixed 


Fig.  17. 


Fig.  18. 


part  and  the  other  by  the  power,  and  these  arc  equal  to  each  other,  and 
arc  together  equal  to  the  weight,  including  the  pulley  itself ;  hence  in  this 
case  P  -  i  (2. 

If  several  pulleys  are  joined  together  on  a  common  axis  in  a  special 
sheath,  which  is  fixed,  and  a  rope  passes  round  all  those  and  also  round  a 
similar  but  movable  combination  of  pulleys,  such  an  arrangement,  which  is 
represented  in  fig.  19,  is  called  a  block  and  tackle. 

If  we  consider  the  condition  of  the  rope  it  will  be  found  to  have  every- 
where the  same  tension  ;  the  weight  Q  which  is  attached  to  the  hook 
common  to  the  whole  system  is  supported  by  the  six  portions  of  the  rope ; 
hence  each  of  these  portions  will  sustain  one  sixth  of  the  weight ;  the  force 
which  is  applied  at  the  free  end  of  the  rope  which  passes  over  the  upper 
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^,  aiftd  whidi  determines  the  tension,  will  ha%'e  the  same  value  ;  that  is 
liiay,  if  wtU  support  one  sixth  of  the  weight. 

The  relation  between  power  and  resistance  in  a  block  and  tackle  is 

eqar^sed  by  the  equation  P « >,  in  which  P  is  the  power,  Q  the  weight, 

and  Ji  the  number  of  cords  by  which  the  weight  is  supported. 

42-  na  w^0«]  and  axle. — The  older  form  of  this  machine,  fvg,  20s  is 
i^QX  dms^  axle,  to  which  is  rigidly  fixed,  concentric  with  it,  a  wheel  of  larger 

r.   The  power  is  applied  tan^entiaJly  on  the  wheel,  and  the  resistance 
Uaipenftially'  to  the  ajtle,  as  for  instance  in  the  treadmill  and  watcr-wheeK 

ses^  as  in  the  case  of  the  capstan,  the  power  is  applied  to  spokes 
the  axle,  which  represent  semi-diameters  of  the  wheel ;  in  other 

s  in   the   windlass, 
handk  is 'rigidly  fixed 
sdu:  axis. 

In  at)  as  iDodifications 
««  mmj  fc^sud  the  wheel 
ad  ade  as  nn  Application 
tif  ite  lever,  the  arms  of 
^«r$^  ^T^  the  radii  of  the 
•  i  Ic  respectively : 

a&ti  i'.4  *Mi  ^..4Jei  equilibriuin 
eiBt»  wfoere  tiie  power  is 
to  tiK  fe&istance  as  the 
n^n^iif  ilie  axle  is  to  the 
fa£a»  of  the  irheel.  Thus 
»  %.  3CV  P:Q«<«^:tfi^«  or 

4aeQt  applications 
^  viKels  of  difl^erent  dia- 
^ncfv  ^1%  met  uith  in 
•ycb  the  motion   of   one 

b  tnuismitted  tn  an- 
Tt  cither  by   means  of 

fit  I  In.'  in  each  other 
'9m  tm  ':nce  of  the 

«ie^  _  ...  ;ig.  21,  or  by 
mearn^^  bands  passing  over 
te  tmr  -^r-u  as  in  the 
liMi  r  .idd*s  Mag- 

fiM  Lw  I  iricai  Machine  (see  ^ 

^■^  vfiL)>  Fig.  19.  Fif .  »t. 

bl  i|^  It,  which  repre- 
«ea»  tSie  ttsefitiaJ  parts  of  a  crab  winch,  in  order  to  raise  the  weight  Q 
•  p»wM  p  jsittil  be  applied  at  the  circumference  of  the  wheel   such  that 

/  •  Q^,  ta  which  r  and  R  arc  the  radii  of  the  axle  b  and  of  the  toothed 

•toi  m  retfiectively. 

Tbe  RKaticm  of  the  wheel  a  is  affected  by  means  of  the  smaller  wheel  c  or 
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€ra&y  tlie  teeth  of  which  fit  in  those  of  a.  But  if  this  wheel  c  is  to  exert  At 
its  circumference  a  power  /,  the  power  P  which  is  applied  at  Uie  end  of 

the  handle  must  be  P-— -/J,  in  which  r  is  the  radius  of  r,  R'  the  length  of 
R 

a  lever  at  the  end  of  which  P  acts,  and  consequently 

P-    ^O. 

The  radius  of  the  wheel  c  is  to  that  of  the  w  heel  a  as  their  respective  circum- 
ferences ;  and,  as  the  teeth  of  each  arc  uf  the  same  siatej  the  circumferences 
will  be  as  the  number  of  teelh. 

Trains  of  wheel  work  are  used,  not  only  in  raising  great  weights  by  the 
exertion  of  a  sm:dl  power  ;  as  in  screw  jacks,  cranes^  crab  winches,  &c.,  but 
also  in  clock  and  watch  works,  and  in  cases  in  which  changed  in  velocity  or 
in  power  or  even  indirccUon  arc  required.  Numerous  examples  will  be  met 
with  in  the  various  apparatus  described  in  this  work, 

43.  Znoltned  FlAJie. — The  properties  and  laws  of  the  inclined  plane  may 
be  conveniently  demonstrated  by  means  of  the  apparatus  represented  in 
fi^,  22.  RS  represents  the  section  of  a  smooth  piece  of  hard  wood  hinged  at 
R  ;  by  means  of  a  screw  it  can  be  damped  at  any  angle  x  against  the  arc- 


tnpk^  ST  the  htngkt^  and  RT  tlie  &ase  or  inclined  plane. 
In  ascertaining  the  theoretical  conditions  of  equilibrium  we  have  a  useful 
9pllcation  of  the  parallelogram  of  forces.  Let  the  line  ah^  fig.  22,  represent 
the  force  which  the  weight  \V  of  the  c>'linder  exerts  acting  vertically  dcywn- 
wards  ;  this  may  be  dccomp<iscd  into  two  others  ;  one,  «k/,  acting  at  ngbt 
angles  against  the  plane,  and  representing  the  prtssurt  which  the  weight 
exerts  against  the  plane  ;  and  which  is  counterbalanced  by  the  reaction  of 
the  plane  ;  the  other,  ar,  represents  the  component  which  lends  to  move  the 
weight  down  the  plane^  and  this  component  has  to  be  held  in  cquilibntim  by 
the  weight  P,  equal  to  it  and  acting  in  the  opposite  direction. 

It  can  be  readily  shown  that  the  triangle  abc  is  similar  to  the  trij 
SRT,  and  that  the  sides  a^^  and  ab  arc  in  the  same  proportion  as  the 
ST  and  SR.    Uut  the  line  ac  represents  the  power,  smd  the  line  tf^ 
weight  ;  hence 


shaped  support,  by  w  hich  at  the 
same  time  the  angle  can  be  mea* 
sured  ;  a  is  a  c>'lindrical  roller, 
to  the  axis  of  which  is  attached 
a  string  passing  over  a  pulley 
to  a  scale- pan  P. 

It  IS  thus  easy  to  ascertain 
by  direct  experiments  what 
weights  R  must  be  placed  in  the 
pan  P  in  order  to  balance  a  roller 
of  any  given  weight,  or  to  cauM 
it  to  move  with  a  given  angi 
inclination. 

The  line  RS  represents  the 
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that  is,  on  an  inclined  plane,  equilibrium  obtains  when  the  power  is  to  the 

weight  as  the  height  of  the  inclined  plane  to  its  length, 

ST 
Since  the  ratio  -=^  is  the  sine  of  the  angle  jr,  we  may  also  state  the  prin- 

c^pl<^thus:  P.Wsinr. 

The  component  da  or  bc^  which  represents  the  actual  pressure  against 
the  plane,  b  equal  to  W  cos  x  \  that  is,  the  pressure  against  the  plane  is  to 
the  weight  as  the  base  is  to  the  length  of  the  inclined  plane. 

In  the  above  case  it  has  been  considered  that  the  power  acts  parallel  to 
d%  inclined  plane.  It  may  be  applied  so  as  to  act  horizontally.  It  will  then 
be  seen  from  i^,  23  that  the  weight  W  may  be  decomposed  into  two  forces, 
one  of  which,  ab^  acts  at  right  angles  to  the  plane,  and  the  other,  ac^  parallel 
to  the  base.  It  is  this  latter  which  is  to  be  kept  in  equilibriimi  by  the  power. 
From  the  similarity  of  the  two  triangles  acb  and  STR,  a^:  ^^=ST:  TR 

•  h\  b\  but  be  is  equal  to  W,  and  ac  is  equal  to  P,  hence  the  power  which 
mast  be  applied  at  b  to  hold  the  weight  W  in  equilibrium  is  as  the  height 
of  the  inclined  plane  is  to  the  base,  or  as  the  tangent  of  the  angle  of  inclina- 
vsm  X ;  that  is,  P  -  W  tan  x.    The  pressure  upon  the  plane  in  this  case  may 

^j^  easily  shown  to  be  a^  »  —  ^ 

cos  X 

ihat  is   -  ^    -  .    This  is  sometimes 
cos  X 

^!!ed   the   nlative  weight  on  the  \?'\  I 

pl.iT.e.  ^\    \  I 

\i    the   force    P   which    is    to 
'   _n:erbalance  W  is  not  parallel  to 
•.*r  plane,  but  forms  an  angle,  E,  with       ^ 
.'.  '/us  force  can  be  decomposed  into  '^  ^^* 

-c  which  is  parallel  to  it,  and  one  which  is  at  right  angles.  Of  these  only 
:.  •:  fiTyt  is  operative,  and  is  equal  to  P  cos  E. 

In  most  cases  of  the  use  of  the  inclined  plane,  such  as  in  moving  carriages 
*-'i  'Aa^^ons  along  roads,  in  raising  casks  into  waggons  or  warehouses,  the 
:**:r  is  applied  parallel  to  the  inclined  plane.     An   instance  of  a  case  in 

•  :.  -h  a  force  acts  parallel  to  the  base  is  met  with  in  the  screw. 

O-Aing  to  the  unevenness  of  the  surfaces  in  actual  use,  the  laws  of  equili- 
'  -m  and  of  motion  on  an  inclined  plane  undergo  moditication.     The/r/V- 

•  n.  fr.r  instance,  which  comes  into  play  amounts  on  ordinary  roads  to  from 
••>  y,  and  on  railways  to  from  j|y  to  2^5  of  the  relative  weight.     This  must 

.-:  .-^-/iccd  upon  as  a  hindrance  to  be  continually  overcome,  and  must  be 
:r:ucicd  from  the  force  required  to  keep  a  body  from  falling  down  an 
'■'■.r.frti  plane,  or  must  be  added  to  it  in  the  case  in  which  a  body  is  to  be 
::  ».e<i  up  the  plane.     Hence  the  use  of  the  inclined  plane  in  unloading  heavy 

^'ic>  into  cellars,  &c. 

A  body  which  cannot  roll,  does  not  move  on  the  inclined  plane,  provided 

::*  inilination  is  below  a  certain  amount  (39).  The  determination  of  this 
.:"::t:r.r  ingle  of  resislanceyAi  which  a  body  on  an  inclined  plane  just  begins 
'    r-.".c,  rr.ay  ser\'e  as  a  rough  illustration  of  a  mode  of  ascertaining  the 

•-^t£.ient  of  friction.' 
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For  in  the  case  in  which  the  power  is  applied  parallel  to  the  plane,  the 
component  of  the  weight  which  presses  aganst  the  plane  or  the  acttial  load, 
L,  is  W  cos  X ;  and  the  component  which  tends  to  move  the  body  down  the 
plane  is  equal  to  W  sin  x.     If  the  friction,  R,  is  just  sufficient  to  hold  this  in 


equilibrium,  the  coefficient  of  friction  will  be 


R    Wsinjr 


tan  X. 


L    WcosA- 

Thus  if  we  place  on  the  plane  a  block  of  the  same  material,  by  gradually 
increasing  the  inclination  it  will  begin  to  move  at  a  certain  angle,  which 
will  depend  on  the  nature  of  the  material ;  this  angle  is  the  limiting  angle 
of  resistance,  and  its  tangent  is  the  coefficient  of  friction  for  that  material. 

44.  Tlio  m^edre. — The  ordinary  form  of  the  wedge  is  that  of  a  three- 
sided  prism  of  iron  or  steel,  one  of  whose  angles  is  very  acute.  Its  most 
frequent  use  is  in  splitting  stone,  timber,  &c  Fig.  24  represents  in  section 
the  application  of  the  wedge  to  this  purpose.  The  side  a^  is  the  dacJt^  the 
vertex  of  the  angle  ofd  which  the  two  faces  ac  and  dc  make  with  each  other 
represents  the  e^ige,  and  the  faces  ac  and  dc  the  sides  of  the  wedge.  The 
power  P  is  usually  applied  at  right  angles  to  the  back  ;  and  we  may  look 
upon  the  cohesion  between  the  fibres  of  the  wood  as  representing  the  resist- 
ance to  be  overcome ;  as  corresponding  to  what  in  other  machines  is  the 

weight.  Suppose  this  to  act  at  right  angles  to  the 
two  faces  of  the  wedge,  and  to  be  represented  by 
the  linesyir  and  ge ;  complete  the  parallelogram  gie/y 
then  the  diagonal  he  will  represent  the  resultant 
of  the  reaction  of  the  fibres  tending  to  force  the 
wedge  out ;  the  force  which  must  be  applied  to 
hold  this  wedge  in  equilibrium  must  therefore  be 
equal  to  e/i.  Now  e/Jt  is  similar  to  the  triangle 
aid^  therefore  ab  \  ac^eh  \  ef\  but  these  lines  re- 
present the  pressure  applied  at  the  back  of  the 
wedge,  and  the  pressure  on  the  face  acy  hence  if  P 
represent  the  former  and  Q  the  latter,  there  is 
equilibrium  when  P  :  (2  -  ^  \  bc^  that  is,  when  the 
power  is  to  the  resistance  in  the  same  ratio  as  the 
back  of  the  wedge  bears  to  one  of  the  sides.  The 
relation  between  power  and  resistance  is  more 
favourable  the  sharper  the  edge,  that  is,  the 
smaller  the  angle  which  the  sides  make  with  each 
other. 

The  action  of  all  sharp  cutting  instruments,  such  as  chisels,  knives, 
scissors,  &c.,  depends  on  the  principle  of  the  wedge.  It  is  also  applied  when 
very  heavy  weights  are  to  be  raised  through  a  short  distance,  as  in  launching 
ships,  and  in  bracing  columns  and  walls  to  the  perpendicular. 

45.  Tb©  Screw. —  Let  us  suppose  a  piece  of  paper  in  the  shape  of  a 
right-angled  triangle  ace'  to  be  applied  with  its  vertical  side  ac'e'  against  a 
cylinder,  and  parallel  to  the  axis,  and  to  be  wrapped  round  the  c>*linder  ;  the 
hypotenuse  will  describe  a  screw  line  or  heiix  on  the  surface  of  the  cylinder 
(fig.  25) ;  the  points  rt^<r^^  will  occupy  the  positions  respectively  <i  b'  c*  (f  e'. 
If  the  dimensions  be  so  chosen  that  the  base  of  the  triangle  cc'  is  equal 
to  the  circumference  of  the  cylinder,  then  the  hypotenuse  abc  becomes  an 


Fig.  24. 


-m 


Viriual  Velocity, 
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iiHfeH  piaoe  traced  on  the  surface  of  the  cylinder  ;  the  distance  a  c*  being 
die  hagbt  of  the  pUne. 


Fig.  a6. 


Fig,  aj. 


[  An  ordinary  screw  consists  of  an  elevation  on  a  solid  cylinder  ;  thfs 

may  be  either  square,  as  in  tig,  26^  or  acute^  and  such  screws  are 

I  Mfumre  or  sMarf^  screiA'S  accordingly, 

r^lkca  a  corresponding  groove  is  cut  in 

t  boikyw  cylinder  or  nut  of  Hie  same  dia- 

\  tlie  boll,  this  gives  rise  to  an  in- 

►  companion  screw  or  nut,  fig.  27- 

The  vertical  distance   between   any  two 

dsf«a4s  of «  screw  measured  parallel  to  the 

ajio  is  aUkd  thtfii/cA,  and  the  angle  a^c'  or  oie'  is  called  tlie  inciimitwn  of 

In  ptaictire,  a  raised  screw  is  used  with  its  companion  in  such  a  manner 
\  tlie  derations  of  the  one  tit  inio^  and  coincide  with^  the  depressions  of 
^oc]>er*  The  screw  is  a  modification  of  the  inclined  plane,  and  the  condi- 
>  %d  Moilibrium  are  those  which  obtain  in  the  case  of  the  plane.  The 
y  which  is  either  a  weight  to  be  raised  or  a  pressure  to  be  exerted, 
sdi  m  the  direction  of  the  vertical,  and  the  power  acts  parallel  to  the  base  ; 
teicc  we  have  F  :  R«A  :  ^,  and  the  length  of  the  base  is  the  circumference 
of  tbe  cylinder  ;  whence  P  :  R- A  :  2nr  ;  r  being  the  radius  of  the  cylinder, 
md  k  tte  pitch  of  the  screw. 

Tl«  power  is  usujdly  applied  to  the  screw  by  means  of  a  lever,  as  in  the 
9Mkifioc3er%'  press,  ikc.^  and  the  principle  of  the  screw  may  be  staled  to  be 
l^ig^l  ic  [Miwcr  i>f  the  screw  is  to  the  resistance  in  the  same  ratio 

vdlftt  *  ^    -.     ,uirh  of  the  screw^  to  the  circumference  of  the  circle  through 
•iidi  the  pvi*  cr  acts. 

46b  Stomal  ▼••«elt3r.— If  the  point  of  application  of  a  force  be  slightly 
the  'esolvcd  part  of  the  displacement  in  the  direction  of  the  force 
i  the  xiWm«i/ tv/tx7/y  <?/ /^yi?rr^,  and  is  considered  as  positive  or 
J  accofding  as  it  is  in  the  same  direction  as  the   force,  or  in  the 
liifrctiofi.     Thus  in  fig.  28  let  the  point  of 
[  A  flf  the  force  P  be  displaced  to  A',  and 
A'<f   'r  uUir  to  AF,      Then   Aa   is   the 

[  ¥€§0  force  P,  and  being,  in  this  case, 

llkr  difBCtioft  «^  F,  i«  to  be  considered  positive. 
Tlie  pcitietple  of  virtuaJ  velocities  asserts  that  if  any 
idMie  or  spiem  be  kept   in    equilibrium  by  any 
■Ibt of  faccc^i  ^^^  the  machine  or  system  then  re* 
ririfiy  tvpy  sm*ill  displacement,  the  algebraic  sum  of  the  products  formed 


Fig.  rf. 
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by  multiplying  each  force  by  its  virtual  velocity  will  be  zero.  Of  course,  the 
displacement  of  the  machine  is  supposed  to  be  such  as  not  to  break  the 
connection  of  its  parts  ;  thus  in  the  wheel  and  axle  the  only  possible  dis- 
placement is  to  turn  it  round  the  fixed  axle  ;  in  the  inclined  plane  the  weight 
must  still  continue  to  rest  on  the  plane  ;  in  the  various  systems  of  pulleys 
the  strings  must  still  continue  stretched,  and  must  not  alter  in  length,  &c. 

The  complete  proof  of  this  principle  is  beyond  the  scope  of  the  present 
work,  but  we  may  easily  establish  its  truth  in  any  of  the  machines  we  have 
already  considered.  It  will  be  found  in  every  case  that,  if  the  machine 
receive  a  small  displacement,  the  virtual  velocities  of  P  and  W  will  be  of 
opposite  signs,  and  that,  neglecting  the  signs,  P  <  P*s  virtual  velocity  -  VV  x 
VVs  virtual  velocity.  Thus,  to  take  the  case  of  a  bent  iever,  let  P  and  Q  be 
the  forces  acting  at  the  extremities  of  the  arms  of  the  bent  lever  AFB  {fig,  29), 
and  let  the  lever  be  turned  slightly  round  its  fulcrum  F,  bringing  A  to  A',  and 
B  to  B'.  Draw  A'a  and  B'^  perpendicular  to  P  and  Q  respectively  ;  then  ka 
is  the  virtual  velocity  of  P,  and  B^  that  of  Q,  the  former  being  positive  and 
the  latter  negative.  Let  F/,  F^  be  the  perpendiculars  from  the  fulcrum 
upon  P  and  Q,  or  what  we  have  called  (art.  40)  the  arms  of  P  and  Q.  Now, 
as  the  displacement  is  very  small,  the  angles  FAA',  FBB'  will  be  very  nearly 
right  angles  ;  and,  therefore,  the  right-angled  triangles  A^rA',  B^B'  will 
ultimately  be  similar  to   the    triangles    F^A,   F^B   respectively,   whence 

a:v"fa'^"^bb'-fb'°'f/- 

AA'    ^.  m     BB'  ^  ,     ,. 

FA'^^^FrFB-  ^"'  ^ 
triangles  FAA',  FBB'  are  similar, 
as  they  are  both  isosceles,  and 
their  vertical  angles  are  equal,  so 


that 


AA' 
FA 


bb; 

FB 


whence 


Aa 


Fig.  19. 


TpTq 
P  X  Aa 

_*-.     Now  the  denominators  of 
Yq 


or,  as  we  may  pii]t  it,  ^ — 
B^ 


these  two  equal  fractions  are  equal, 
if  the  lever  be  in  equilibrium  (art.  40).     Hence  the  numerators  are  equal,  or 

P  X  P's  virtual  velocity  «  Q  x  Q's  virtual  velocity. 

As  a  further  and  simpler  example,  take  the  case  of  the  block  and  tackle 
described  in  article  41.  Suppose  the  weight  to  be  raised  through  a  space  k  ; 
then  the  virtual  velocity  of  the  weight  is  h,  and  is  negative.  Now,  as  the 
distance  between  the  block  and  tackle  is  less  than  before  by  the  space  A,  and 
as  the  rope  passes  over  this  space  n  times,  in  order  to  keep  the  rope  still 
tight  the  power  will  have  to  move  through  a  space  equal  to  nh.  This  is  the 
virtual  velocity  of  P,  and  is  positive,  and  as  W  -«P,  we  see  that 

VV  X  W's  virtual  velocity  -  P  x  P's  virtual  velocity. 

46'!.  MaoliUies. — In  m<iny  machines  in  common  use,  two  forces  can  readily 
be  distinguished.  One  is  a  force  applied  in  order  to  drive  the  machine,  and  the 


Mac/tines. 
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*  b  a  force  overcome,  and  is  called  the  resistance.  The  force  applied  is 
■Mllf,  though  improperly,  called  the  power.  In  general  these  forces  are  un- 
iqml  If  the  machine  moved  without  friction  these  forces  might  be  exactly 
baluiced,  in  sirch  a  way  that  if  either  of  them  were  increased  in  the  slightest 
dcft^e.  the  machine  would  begin  to  move  with  a  uniformly  accelerated  motion. 
li  todi  a  machine  thus  balanced  were  to  be  started  by  an  impulse  which 
ifcoold  iAfn  cease  to  act,  the  machine  would  move  continuously  at  a  uniform 
lasp  mill  acted  upon  by  some  other  extemai  force  li  we  imagine  a  balanced 
IHcMoleas  machine  to  become  a  machine  with  friction,  then  cither  of  the  two 
iufccs  miglit  be  varied  between  certain  limits,  without  setting  the  machine 
►  OMXion.  Hence,  if  the  machine  is  to  move  uniformly,  the  force  applied  in 
:  it  must  be  greater  than  would  be  necessar>^  to  give  uniform  motion  to 
l^lcddfiless  machine.  The  force  applied,  P,  and  the  resistance  overcome, 
ft^imy  b*  expressed  in  pounds  weight,  which  may  be  converted  into  absolute 
Saks  b  \x\^  by  the  value  of  jf  at  the  place.    While  P  moves  over  a 

p,  R  moves  over  a  distance  r.  These  distances  can  be  deter- 
I  \fff  measurement.    The  ratio  of  r  to/  can  often  be  seen  by  simple  in- 
&ince  its  value  depends  upon  the  gearing  or  construction  of  the 

1/  thr  force  P  is  exerted  over  a  distance  p,  the  work  applied  is  P/  foot- 
pnandii  While  this  work  is  being  applied  to  the  machine,  a  certain  amount 
ifwofk,  Rr,  is  transmitted  through  the  machine,  and  is  done  upon  the  resist- 
IBCC  Experiment  shows  that  the  work  applied  F p  is  always  greater  than 
ihs  work  Rr  transmitted  through  the  machine.  This  difference  represents 
iIk  «rork  which  is  required  to  move  the  parts  of  the  machine  upon  each 
•dtcff  Wwt  is  called  internal  work.  If  the  internal  work  is  represented  by  1, 
for  uniform  action  of  a  machine  is  given  by  the  equation 

P/*Rr+l. 

It  win  be  assumed  that  a  small  force  P'''  is  applied,  sufficient  to  move 

uniformly  when  unloaded.     This  value  of  P"'  is  not  included 

In  thi*  case,  the  work  of  friction  is  due  wholly  to  the  load  which  the 

carries,  and  I  becomes  aero  when  R«=<7,     The  quantity  I  is  of  the 

wm  liAiure  as  the  other  two  quantities  in  the  equation,  being  the  product  of 

xrtiim  force  of  (riction  into  a  certain  distance,  but  in  general  these  factors 

■MX  be  determined  separately.     It  ts  found  that  I  diminishes  in  value  as 

I  ptatM  of  the   machine  in  contact   are  made  smoother,  and  is  further 

■iiMfchcid  by  oiling  the  bearings— that  is  to  say,  the  quantities  Pp  and  Rr, 

ikb  csa  be  easily  determined,  become  more  nearly  equal 

Tbe  eqoaiion  may  also  be  put  into  the  following  form  :-* 

?      r      .  . 

K      <>  where  r  =  -     • 


>  cvmeni  inai  ihe  ratio  -  is  a  constant  quantity,  for  a  given  machine, 

^  p 

jlc  manner.     Experiment  shows  that  the  ratio  -      is  also 

nf,  so  that  the  quantity  1  may  also  be  considered  constant 
F«  fmn  maduDe  in  a  definite  condition.     It  would,  howc%'er,  be  changed 
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by  oiling  the  bearings,  as  this  would  make  it  necessary  to  diminish  P  in 
order  to  preserve  uniform  motion,  and  it  also  depends  upon  the  arrangement 
of  the  machine,  as  will  be  pointed  out  further  on. 

47.  rriotloB. — In  the  cases  of  the  actions  of  machines  which  have  been 
described,  the  resistances  which  are  offered  to  motion  have  not  been  at  all 
considered.  The  surfaces  of  bodies  in  contact  are  never  perfectly  smooth  ; 
even  the  smoothest  present  inequalities  which  can  neither  be  detected  by  the 
touch  nor  by  ordinary  sight ;  hence  when  one  body  moves  over  the  surface 
of  another,  the  elevations  of  one  sink  into  the  depressions  of  the  other,  like 
the  teeth  of  wheels,  and  thus  offer  a  certain  resistance  to  motion  ;  this  is 
what  is  called y>7V//^/f.  It  must  be  regarded  as  a  force  which  continually 
acts  in  opposition  to  actual  or  possible  motion. 

Friction  is  of  two  kinds  :  sliding^  as  when  one  body  glides  over  another  ; 
this  is  least  when  the  two  surfaces  in  contact  remain  the  same,  as  in  the 
motion  of  an  axle  in  its  bearing ;  and  rolling  friction,  which  occurs  when  one 
body  rolls  over  another,  as  in  the  case  of  an  ordinary  wheel.  The  latter  is 
less  than  the  former,  for  by  the  rolling  the  inequalities  of  one  body  are  raised 
over  those  of  the  other.  As  rolling  friction  is  considerably  less  than  sliding 
friction,  it  is  a  great  saving  of  power  to  convert  the  latter  into  the  former  ;  as 
is  done  in  the  case  of  the  casters  of  chairs  and  other  furniture,  and  also  in  that 
of  friction  wheels.  On  the  other  hand,  it  is  sometimes  useful  to  change  roll- 
ing into  sliding  friction,  as  when  drags  are  placed  on  carriage  wheels. 

Friction  is  directly  proportional  to  the  pressure  of  the  two  surfaces 
against  each  other.  That  fraction  of  the  pressure  which  must  act  as  moving 
force  merely  to  overcome  friction  is  called  the  coefficient  of  friction. 

Friction  is  independent  of  the  extent  of  the  surfaces  in  contact  if  the  pres- 
sure is  the  same.  Thus,  suppose  a  board  with  a  surface  of  a  square  deci- 
metre resting  on  another  board  to  be  loaded  with  a  weight  of  a  kilogramme. 
If  this  load  be  distributed  over  a  similar  board  of  two  square  decimetres 
surface,  the  total  friction  will  be  the  same,  while  the  friction  per  square 
centimetre  is  one-half,  for  the  pressure  on  each  square  centimetre  is  one-half 
of  what  it  was  before.  Friction  is  diminished  by  polishing  and  by  smearing, 
but  is  increased  by  heat.  It  is  greater  as  a  body  passes  from  the  state  of 
rest  to  that  of  motion  than  during  motion,  but  seems  independent  of  the 
velocity.  The  coefficient  of  friction  depends  on  the  nature  of  the  substances 
in  contact  ;  thus  for  oak  upon  oak  it  is  0-418  when  the  fibres  are  parallel, 
and  0293  when  they  cross  ;  for  beech  upon  beech  it  is  036.  Oreasy  sub- 
stances, which  are  not  absorbed  by  the  body,  diminish  friction,  but  increase 
it  if  they  are  absorbed.  Thus  moisture  and  oil  increase,  while  tallow,  soap, 
and  graphite  diminish,  the  friction  of  wooden  surfaces.  In  the  sliding  fric- 
tion of  cast  iron  upon  bronze  the  coeftlcient  was  found  to  be  025  without 
grease  ;  with  oil  it  was  0*17,  fat  o*ii,  soap  0'03,  and  with  a  mixture  of  fat 
;md  graphite  0*02.  The  coefficient  of  rolling  friction  for  cast-iron  wheels  on 
iron  rails  as  in  railways  is  about  0*004  ;  for  ordinar>'  wheels  on  an  ordinar>' 
road  it  is  0*04,  hence  a  horse  can  draw  ten  times  as  great  a  load  on  rails  as 
r»n  an  ordinary-  road,  and  this  is  indeed  a  main  use  of  railways.  The  coeffi- 
cient of  steel  upon  smooth  ice,  as  in  skating;,  is  from  0016  to  oo;2. 

Without  friction  on  the  ground,  neither  man  nor  animals,  neither  ordinary* 
carriages  nor  railway  carri«iges,  could  move.     Friction  is  necessar)*  for  the 


-«\ 


Resisiance  to  Mottan  in  a  Fluid  Mediutn. 


33 


I  of  power  from  one  wheel  to  another  by  means  of  bands  or 
rtthout  friction  wc  could  hold  nothing  in  the  hands. 

iic«  to  Motion  In  a  1*1  aid  ACedlum.— A  body  in  moving 
dlfomtll  any  medium  such  as  air  or  water  experiences  a  certain  resistance  ; 
%miSkm  BKmng  body  sets  in  motion  those  parts  of  the  medium  with  which  it 
ilio  nmUrt,  whereby  it  loses  an  equivalent  amount  of  its  own  motion, 

Utis  icsistance  increases  with  the  surface  of  the  moving  body ;  thus  a 
loa^Kbolililc  or  a  snow- flake  falls  more  slowly  than  does  a  drop  of  water  of 
tesone  weight  It  also  increases  with  the  density'  of 
1^  mcdtixm  ;  thus  in  rareBed  air  it  is  less  than  in  air 
the  ordinary  pressure  ;  and  in  this  again  it  is 
in  wdter. 
The  toAiKmce  of  this  resistance  may  be  illustrated 
bf  BCAlkf  of  the  apparatus  represented  in  fig.  30, 
vttdl  dmsUts  of  two  vanes,  u*u\  fixed  to  a  horizontal 
wm^  sx^  to  which  also  is  attached  a  bobbin  s.  The 
feUllOP  of  the  vanes  is  effected  by  means  of  the  falling 
fi  \  weight  attached  to  the  string  coiled  round  the 
hnbhtn.  The  %'ancs  can  be  adjusted  either  at  right 
:he  axis.  In  the  former  position 
ilv  when  the  weight  is  allowed  to 
,  where  they  press  with  their 
air,  the  resistance  greatly 
tion.  ^ 

es  with  the  velocity  of  the 
iiaiP  hcMly,  and  fwr  tttoderate  velocities  is  propor- 
By  to  the  square  ;  for,  supposing  the  velocities  of  a 

\f  maidr  twkc  as  great,  it  must  displace  twice  as  much  matter,  and  must 
»  flAtKtrr  !(i  ihe  displaced  particles  twice  the  velocity.  For  high  veloci- 
)  the  c  in  a  medium  increases  in  a  more  rapid  ratio  than  that  of 

w|(i^.^.  :   .  iOmc  of  the  medium  is  carried  along  with  the  moving  body, 
\  ^tft«  hy  its  friction  against  the  other  portions  of  the  medium,  causes  a 


Fig.  30. 


'  -tMancc  which  so  greatly  increases  the  difficulty  and  cost  of 
i~i  inX  very  high  speed  in  steam- vessels.  Use  is  made,  on  the  other  hand^ 
^^m  patitAiice  to  parachutes  (fig.  165)  and  in  the  wind-vanes  for  dimmish- 
«f  tbe  velocity  xA  dlliog  bodies  (fig.  54),  the  principle  of  which  is  illustrated 
V  te  eppormttis*  f^%.  30.  Light  bodies  fall  more  slowly  in  air  than  heavy 
^eief  the  same  ^or  the  mo\ing  force  is  smaller  compared  with  the 

^mmaemx^  The  :  <   to  a  falling  body  may  ultimately  equal  its  weight ; 

t  Kbm  tpowe^  untformly  forward  with  the  velocity  which  it  has  acquired. 
Tle^  e  raso-drop  faJHng  from  a  height  of  3,000  feet  should,  when  near  the 
,  ha%^  a  %*docity  of  nearly  440  feet,  or  that  of  a  muskct-shot ;  owing^t 
,  to  the  resistance  of  the  air,  its  actual  velocity  is  probably  not  more 
B  >D  feet  io  a  second.  On  railways  the  resistance  of  the  air  is  appreciable ; 
^  acarm^  exposing  a  surface  of  22  square  feet,  it  amounts  to  16  or  17 
■i^  when  the  sficcd  of  the  train  is  16  feet  a  second,  or  1 1  miles  an  hour. 
By  ahienriiig  the  rate  of  diminution  in  the  number  of  oscillations  of  a 
elflKrf  €mL  snspmded  by  a  thread  when  immersed  in  water,  Meyer  de- 
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termined  the  coefficient  of  the  frictional  or  internal  resistance  of  water,  and 
found  that  at  lo^  it  was  equal  to  coi  567  gramme  on  a  square  centimetre  ; 
and  for  air  it  was  about  ^  as  much. 

49.  Vniformlj'  Aooelenitea  XaetUliiear  Motton. — Let  us  suppose  a 
body  containing  tn  units  of  mass  to  move  from  rest  under  the  action  of  a 
force  of  F  units,  the  body  will  move  in  the  line  of  action  of  the  force,  and 
will  acquire  in  each  second  an  additional  velocity/given  by  the  equation 

consequently,  if  v  is  its  velocity  at  the  end  of  /  seconds,  we  have 

v./t.  (I) 

To  determine  the  space  it  will  describe  in  /  seconds,  we  may  reason  as 
follows  : — The  velocity  at  the  time  /  being _/?,  that  at  a  time  /  +  r  will  be  J 
(/  +  r).  If  the  body  moved  uniformly  during  the  time  r  with  the  former 
velocity  it  would  describe  a  space  s  equal  to  ftr  ;  if  with  the  latter  velocity, 
a  space  Jj  equal  to /(/  +  t)t.     Consequently, 

J, :  J  ::  /  +  T  :/; 

therefore,  when  r  is  indefinitely  small,  the  limiting  values  of  s  and  j,  are 
equal  Now,  since  the  body's  velocity  is  continually  increasing^  during  the 
time  r,  the  space  actually  described  is  greater  than  s  and  less  than  s^  But 
since  the  limiting  values  of  s  and  s^  are  equal,  the  limiting  value  of  the  space 
described  is  the  same  as  that  of  ^  or  Sy     In  other  words,  if  we  suppose  the 

whole  time  of  the  bod/s  motion  to  be  divided 
into  any  number  of  equal  parts,  if  we  determine 
the  velocity  of  the  body  at  the  beginning  of  each 
of  these  parts,  and  if  we  ascertain  the  spaces 
described  on  the  supposition  that  the  body 
moves  uniformly  during  each  portion  of  timei 
the  limiting  value  of  the  sum  of  these  spaces 
will  be  the  space  actually  described  by  the  body. 
Draw  a  line  AC  (fig.  31),  and  at  A  construct  as 
angle  CAB,  whose  tangent  equals  /;  divide 
AC  into  any  number  of  equal  parts  in  D,  E,  F,...and  draw  PD,  QE,  RF,.,» 
BC  at  right  angles  to  AC ;  then  since  PD  -  AD  x/  QE  -  AE  x/  RF  -  AF  x/ 
BC  -  AC  x/,  &c.,  PD  will  represent  the  velocity  of  the  body  at  the  end  of 
the  time  represented  by  AD,  and  similarly  QE,  RF,...BC,  will  represent  tilt 
velocity  at  the  end  of  the  times  AE,  AF,...AC.  Complete  the  rectangles  Di% 
Ey;  F^...  These  rectangles  represent  the  space  described  by  the  body  on 
the  above  supposition  during  the  second,  third,  fourth,... portions  of  the  time* 
Consequently,  the  space  actually  described  during  the  time  AC  is  the  limil 
of  the  sum  of  the  rectangles  ;  the  limit  being  continually  approached  as  the 
number  of  parts  into  which  AC  is  divided  is  continually  increased.  But  this 
limit  is  the  area  of  the  triangle  ABC  :  that  is  ^AC  x  CB  or  JAC  x  AC  x/ 
Therefore,  if  AC  represents  the  time  /  during  which  the  body  describes  a 
space  J,  wc  have 

s-i/f.  (a) 

Since  this  equation  can  be  \%Titten 


Fig.  31. 
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we  find,  on  comparison  Mrith  equation  (i),  that 

^-2/3r.  (3) 

To  illustrate  these  equations,  let  us  suppose  the  accelerative  effect  of  the 
force  to  be  6  ;  that  is  to  say,  that,  in  virtue  of  the  action  of  the  force,  the  body 
acquires  in  each  successive  second  an  additional  velocity  of  6  feet  per  second, 
and  let  it  be  asked  what,  on  the  supposition  of  the  body  moving  from  rest, 
will  be  the  velocity  acquired  and  the  space  described  at  the  end  of  12 
seconds  ;  equations  i  and  2  enable  us  to  answer  that  at  that  instant  it  will  be 
moving  at  the  rate  of  72  feet  per  second,  and  will  have  described  432  feet. 

The  following  important  result  follows  from  equation  2.  At  the  end  of 
the  first,  second,  third,  fourth,  &c.,  second  of  the  motion  the  body  will  have 
described  i/^  l/x  4,  i/x  9,  \f%  16,  &c.,  feet ;  and  consequently  during  the 
first,  second,  third,  fourth,  &c.  second  of  the  motion  will  have  described  \f^ 
\f%  3,  J/x  5,  £/"<  7,  &c.,  feet,  namely  spaces  in  arithmetical  progression. 

The  results  of  the  above  article  can  be  stated  in  the  form  of  laws  which 
apply  to  the  state  of  a  body  moving  from  a  state  of  rest  under  the  action  of 
a  constant  force  : — 

I.  The  velaciiies  are  proportional  to  the  times  during  which  the  motion 
has  lasted. 

II.  The  spaces  described  are  proportional  to  the  squares  of  the  times  em- 
p'<?\ cd in  their  description. 

III.  The  spaces  described  are  proportional  to  the  squares  of  the  velocities 
<L:quireu  during  their  description. 

I  \'.  The  spaces  described  in  equal  successive  periods  of  time  increase  by  a 
c:>fiitant  quantity. 

In-itead  of  supf>osing  the  body  to  begin  to  move  from  a  state  of  rest,  we 
T.a>-  suppose  it  to  have  an  initial  velocity  V,  in  the  direction  of  the  force.  In 
trir.  c-i^e  equations  I,  2,  and  3  can  be  easily  shown  to  take  the  following 
f^.  rras,  respectively  :—  ^  ^  y  ^j^^ 

s^\t^ifl\ 

Z/'-  =  VU2/j. 

If  the  body  move  in  a  direction  opposite  to  that  of  the  force,/  must  be 
rsck'ined  ne^ative^ 

The  most  important  exemplification  of  the  laws  stated  in  the  present 
iri  -.!e  is  in  the  case  of  a  body  falling  freely  in  vacuo.  Here  the  force  causing 
'-*  acceleration  is  that  of  gravity,  and  the  acceleration  produced  is  denoted 
r.  th^  letter ;f:  it  has  already  been  stated  (29)  that  the  numerical  value  of 
/  5  321912  at  London,  when  the  unit  of  time  is  a  second  and  the  unit  of 
.*-.rrh  a  fx)t.  Adopting  the  metre  as  unit  of  length,  the  value  of  g  at 
Lnion  is  9*8117. 

5a  BKotioii  on  an  Inclined  Plane. — Referring  to  (43),  suppose  the  force 
?  ry^  to  act  ;  then  the  mass  M  is  acted  on  by  «in  unbalanced  force  Mi/'  sin 
r.  :-  'he  direction  SR,  consequently  the  acceleration  down  the  plane  is  g 
--:-  X.  ^A  the  motion  becomes  a  particular  case  of  that  discussed  in  the 
.-•*  i-  '::c.  If  it  begins  to  move  from  rest,  it  will  at  the  end  of  /  seconds 
A-  ...r.fz  a  velocity  V  given  by  the  equation 

V  »gt  sin  X, 
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and  will  describe  a  length  s  of  the  plane  given  by  the  equation 

s  =  itgf^  sin  X. 
Also,  if  V  is  the  velocity  acquired  while  describing  s  feet  of  the  plane, 

2/' «  2gs  sin  X. 

Hence  (fig.  22)  if  a  body  slides  down  the  plane  from  S  to  R  the  velocity^ 
which  it  acquires  at  R  is  equal  to  \/2g,  RS  sin  R  or  ^/2^.  ST  ;  that  is  to  say, 
the  velocity  which  the  body  has  at  R,  does  not  depend  on  the  angle  jr,  but 
only  on  the  perpendicular  height  ST.  The  same  would  be  true  if  for  RS 
we  substituted  any  smooth  cur\'e,  and  hence  we  may  state  generally,  that 
when  a  body  moves  along  any  smooth  line  under  the  action  of  gra\'ity,  the 
change  of  velocity  it  experiences  in  moving  from  one  point  to  another  is  that 
due  to  the  vertical  height  of  the  former  point  above  the  latter. 

51.  BKotioii  of  Projeotiles. — The  equations  given  in  the  above  article 
apply  to  the  case  of  a  body  thrown  vertically  upwards  or  downwards  with  a 
certain  initial  velocity.  We  will  now  consider  the  case  of  a  heavy  body^ 
thrown  in  a  horizontal  direction.  Let  /i,  fig.  32,  be  such  a  body  thromi  with 
an  initial  velocity  of  v  feet  in  a  second,  and  let  the  line  ab  represent  the  space 
i  t'  ^  m  J'  described  in  any  interval ;  then  at  the  end  oT 
"the  2,  3,  4...  equal  interval,  the  body,  m  virtue 
of  its  inertia,  will  have  reached  the  points  c  de^ 
&c.  But  during  all  this  time  the  body  is  undef' 
the  influence  of  gravity,  which  if  it  alone  acted, 
would  cause  the  body  to  fall  through  the  dis- 
tances represented  on  the  vertical  line  ;  these  are 
determined  by  the  successive  values  of  \g^^ 
which  is  the  formula  for  the  space  described 
by  a  freely  falling  body  (50).  The  effect  of  the 
combined  action  of  the  two  forces  is  that  at  the 
end  of  the  first  interval,  &c.,  the  body  uill  be 
at  b',  at  the  end  of  the  second  interval  at  cf^  oT 
the  third  at  d\  &c.,  the  spaces  bb\  cc^y  dtt^ 
being  proportional  to  the  squares  of  ab^  ac,  ad, 
respectively,  and  the  line  joining  these  points- 
represents  the  path  of  the  body.  By  taking  the 
intervals  of  time  sufficiently  small  we  get  a  regu* 
larly  curved  line  of  the  form  known  as  the  parabola. 

If  the  direction  in  which  the  body  is  thro>\'n  makes  an  angle  of  a  with 


t»g-  32. 


the  horizon  (fi^^  33  ,  then  after  /  secoiuls  it  would  have  travelled  a  distance 
ab  «  vt^  where  v  is  the  original  velocity  ;  during  this  lime,  however,  it  will  have 
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£illen  thioQgfa  a  distance  kc^^gfi\  the  height  which  it  will  have  actually 
fcachcd  is  -Ai/-Jir*-«r  sin  m^^gi^\  and  the  horizontal  distance  will  be 
W«d^  cos  a-v/  cos  tu  The  rangt  of  the  body,  or  the  greatest  distance 
throogb  which  it  is  thrown,  will  be  reached  when  the  height  is  again  ->0 ;  that 

ii, when  v/ sin  a*4^-0;from which/-— 'HL?.      Introducing   this  value 

<tf  /  into  the  quotation  for  the  distance  d,  we  have  ^.  ^^^  «»  ^  <»»  ^  ^hich 

hratnsooooietricBl  tiansfonnation  -       "  ^      The   greatest   height   is 

g 

attained  in  half  the  time  of  flight,  or  when  /-^^'°^,  from  which  we  get 
^  jt^  sm*  a 


It  follows  from  the  fonnula  that  the  height  is  greatest  when  sin  a  is 
r  «^ucfa  is  the  case  when  it «  90^,  or  when  the  body  is  thrown  vertically 
the  range  is  greatest  where  sin  2a  is  a  maximum,  that  is,  when 
ss-9o'*ortf-4$". 

In  tliese  formulae  it  has  been  assumed  that  the  air  offers  no  resistance. 
This  is,  however,  far  fixwn  the  case,  and  in  practice,  particularly  if  the  velo- 
cr,\  i»f  pnijection  is  very  great,  the  path  differs  from  that  of  a  parabola. 
F:^.  i^  approximately  represents  the  path,  allowing  for  the  resistance  of  the 
iiz.  The  divergence  from  the  true  theoretical  path  is  affected  by  the  fact 
•Ja:  in  the  modem  rifled  arms  the  projectiles  are  not  spherical  in  shape  ; 
aac  also  because,  along  with  their  motion  of  translation,  they  have,  in  con- 
*t-:_*.-r.cc  of  the  rifling,  a  rotator)'  motion  about  their  axis. 

52.  Cooiporttton  of  Velocities. — The  principle  for  the  composition  of 

^*-^<it  es  is  the  same  as  that  for  the  composition  of  forces  :  this  follows  cvi- 

•:*-.•>  from  the  fact  that  forces  are  measured  by  the  momentum  they  com- 

r--.::a!e,  and  are  therefore  to  one  another  in  the  same  ratio  as  the  velocities 

V.-. .  -T'-.mrnunicaie  to  the  safne  body.     Thus  (fij^.  5,  art.  30),  if  the  point  has 

i:  *.~\  :r.-,tant  a  velocity  AB  in  the  direction  AF,  and  there  is  communicated 

t'i  •  d.  vclfx:i:y  AC  in  the  direction  A(j,  it  will  move  in  the  direction  AR  with 

a  .«;  -:j:\  represented  by  AD.     And  conversely,  the  velocity  of  a  body  re- 

prt-  r.:cd  '.a  AD  can  be  resolved  into  two  component  velocities  .AH  and  \C 

',"-..•*  ■aZf^'^u'iis  the  method  of  determining  the  motion  of  a  body  when  acted 

-.  vv  i  !i,rce  in  a  direction  transverse  to  the  direction  of  its  velocity  ;  namely, 

.:  >  se  :he  lime  to  be  divided  into  a  great  number  of  intervals,  and  supj>ose 

•.'a  :ry  actually  communicated  by  the  force  tolje  communicated  at  once, 

"--  '  ■.  the  composition  of  velocities  we  can  determine  the  motion  during 

-*(.rval.  and  therefore  during  the  whole  time  ;  the  actual  motion  is  the 

\:      •  t  Ab-ch  the  motion,  thus  determined,  approaches  when  the  number  of 

r.  r-.jis  ti  increased. 

•  ;.  Motion  ia  a  Circle — Ccntriftesal  roroc. — When  a  body  is  once  in 
r  •    -;,   unless  it  be  acted  upon  by   some   force,  it   will   move   uniformly 

•  -  ,--.'i  :.-  a  straight  line  with  unchanged  velocity  (26).  If,  therefore,  a  body 
~.  •:=  uniformly  in  any  other  path  than  a  straight  line— in  a  circle,  for 
.'--.•*r...c  -this  must  be  because  some  force  is  constantly  at  work  which 

•  •'.  -.-•.■uajy  deviates  it  from  this  straight  line. 
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We  have  already  seen  an  example  of  this  in  the  case  of  the  motion 
of  projectiles  (51),  and  will  now  consider  it  in  the  case  of  central  motion, 
or  motion  in  a  circle,  of  which  we  have  an  example  in  the  motion  of  the 
celestial  bodies  or  in  the  motion  of  a  sling. 

In  the  latter  case,  if  the  string  is  cut,  the  stone,  ceasing  to  be  acted  upoa 
by  the  tension  of  the  string,  will  move  in  a  straight  line  with  the  velocity 
which  it  already  possesses—that  is,  in  the  direction  of  the  tangent  to  the  curve 
at  the  point  where  the  stone  was  when  the  string  was  cut.  The  tension  of 
the  string,  the  effect  of  which  is  to  pull  the  stone  towards  the  centre  of  the 
circle,  and  to  cause  the  stone  to  move  in  its  circular  path,  is  called  the  centri- 
petal or  central  force ;  the  reaction  of  the  stone  upon  the  string,  which  is 
equal  and  opposite  to  this  force,  is  called  its  centrifugal  force.  The  amount 
of  these  forces  may  be  arrived  at  as  follows  : — 

Let  us  suppose  a  body  moving  in  a  circle  with  given  uniform  velocity 
to  be  at  the  point  a  (fig.  34) ;  then,  had  it  not  been  acted  on  by  a  force  in 
the  direction  ac^  it  would,  in  a  small  succeeding  interval  of  time  /,  have 
continued  to  move  in  the  direction  of  the  tangent  at  a,  and  have  passed 
through  a  distance  which  we  will  represent  hy  ad.  In  consequence,  how- 
ever, of  this  force  it  has  not  followed  this  direction,  but  has  arrived  at  the 
point  d  on  the  curve;  hence  the  force  has  made  it 
traverse  the  distance  bd »  cu  in  this  interval.  If 
/  be  the  acceleration  with  which  the  body  is  drawn 
towards  the  centre,  ae  «  \ff^^  and  if  ad  be  ver>'  small, 
it  may  be  taken  as  equal  to  ab  or  vty  where  v  is  the 
velocity  of  the  moving  body.  Now  if  an  is  the 
diameter  of  the  circle,  the  triangle  cutn  is  inscribed 
in  a  semicircle  and  is  right-angled,  whence  ad^  - 
ae  -K  an  '^  ae  ^  ir.  Substituting  their  values  for  cui 
and  ae  in  this  equation,  we  find  that  v^t^  '^y^t  ^  2r, 

from  which  /  =  — ;  that  is,  in  order  that  a  body  with 

a  certain  velocity  may  move  in  a  circle,  it  must 
be  drawn  to  the  centre  by  a  force  which  is  directly 
as  the  square  of  the  velocity  with  which  the  body 
moves,  and  which  is  inversely  as  the  radius  of  the 
circle.  In  order  to  express  this  in  the  ordinar>*  units 
of  weight,  we   must   multiply  the   above   expression 

by   the   mass,    which    gives    F  =  ^^'-    or       *' .    To 

keep  the  body  in  a  circle  an  attraction  towards  the 

centre  is  needed,  which  is  constantly  equal  to  *?*'  ^ 

and  this  attraction  is  constantly  neutralised  by  the 
centrifugal  force. 

The  above  expression  may  be  put  in  a  form  which 
is  sometimes   more   convenient.     If  T  be   the   time 
in  seconds   required  to   traverse  the  circumference   2nr  with  the  velocity 
.47rV^    f^ ^.^y^    ^^  _  4W:rV_4\V7r-V 


X'  then  7/*  - ' 


,  from  which  F 


If  a  rigid  body  rotates  about  a  fixed  axis,  all  parts  of  the  body  describe 


-•q 


M^mma  VerHmlCmk. 


m 


icf ¥atkNisdkiiijBlen»l»taUiiitiietameti^    Ttevdodty 
of  ditflmiQiicf  ndividaal  partides  iocreaaeswith  the  distance  from  the  ans 

idieaadsefrotatioii.  If  tlttsisdeiiotedby  ^ithe  vdodtytrof  a 

Tke  niitriirr  of  centrifbgal  force  may  be  demonstrated  by  means  of 
nmerovt  ciperiments»  such  as  the  centrifogal  railway.  If  a  small  can  of 
viicr  haa^  by  the  handle  to  a  string  be  rapidly  rotated  in  a  vertical  circle, 
no  vMler  wOl  fidi  out,  ^ht,  at  a  snitable  velocity,  the  liquid  will  press  against 
the  bottom  of  die  vend  with  a  force  at  right  angles  to  the  circle,  and  greater 
than  its  own  we^[ht« 

54.  Moii—  te  ttVeviienl  CMvelo. — Let  ACBD  be  a  cucle  whose  plane 
ii  vertical  and  ra^os  denoted  by  r.  Suppose  a  point  placed  at  A,  and 
to  ^de  dbwn  tiie  carve,  what  vdodty  will  it  have  acquireid  on 
\  any  given  point  P  ?    Draw  die  vertical  diameter  CD,  join  CA,  CP, 

Idimr  die  horizontal  lines  AMB  and  PNP^  Now,  assuming  the  curve 
to  be  —****»**,  the  velocity  acquired  in  foiling  from  A  to  P  is  that  due  to  MN, 
the  vertical  heigfat  of  A  above  P  (51) ;  i^  therefore,  v  denote  the  velocity  of 
the  point  at  P,  we  shall  have 

ir»  =  2^MN. 
Now  by  similar  triangles  DCP,  PCN  we  have 

DC  :  CP::CP:CN; 
consequently,  if  we  denote  by  s  the  chord  CP, 

2rNC-/». 
in  like  manner  if  a  denote  the  chord  CA, 

2rMC-a^ 
therefore  2rMN-a'-/», 

and  i/»-f  (««-/»). 


Fig.  35. 


Now  V  will  have  equal  values  when  s  has  the  same  value,  whether  positive 
or  negative,  and  for  any  one  value  of  s  there  are  two  equal  values  of  z/,  one 
positive  and  one  negative.  That  is  to  say,  since  CP''  is  equal  to  CP,  the 
body  will  have  the  same  velocity  at  P'  that  it  has  at  P,  and  at  any  point  the 
body  mill  have  the  same  velocity  whether  it  is  going  up  the  curve  or  down 
the  curve.  Of  course  it  is  included  in  this  statement  that  if  the  body  begins 
to  move  from  A  it  will  just  ascend  to  a  point  B  on  the  other  side  of  C,  such 
that  A  and  B  are  in  the  same  horizontal  line.  It  will  also  be  seen  that  at  C 
the  value  of  J  is  zero ;  consequently,  if  V  is  the  velocity  acquired  by  the 
body  in  falling  from  A  to  C,  we  have 


'^/^■■ 


zxA^  on  the  other  hand,  if  the  body  begins  to  move  from  C  with  a  velocity  V 
it  will  reach  a  point  A  such  that  the  chord  AC  or  a  is  given  by  the  same 
equation.  In  other  words,  the  velocity  at  the  lowest  point  is  proportional  to 
the  chord  of  the  arc  described. 
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55.'BKotlonof  a  Simple  Pendnlom. — By  a  simple  pendulum  is  meant  a 
hea\y  particle  suspended  by  a  fine  thread  from  a  fixed  point,  about  which  it 
oscillates  without  friction.  So  far  as  its  changes  of  velocity  are  concerned 
they  will  be  the  same  as  those  of  the  point  in  the  previous  article,  for  the 
tension  of  the  thread,  acting  at  each  position  in  a  direction  at  right  angles  to 
that  of  the  motion  of  the  point,  will  no  more  affect  its  motion  than  the  re- 
action of  the  smooth  cur\'e  affects  that  of  the  point 
"^  in  the  last  article.    The  time  of  an  oscillation — that 

is,  the  time  in  which  the  point  moves  from  A  to  B — 
can  be  easily  ascertained  when  the  arc  of  vibration 
is  small ;  that  is,  when  the  chord  and  the  arc  do  not 
sensibly  differ. 

Thus,  let  AB  (fig.  36)  equal  the  arc  or  chord 
ACB  (fig.  35) ;  with  centre  C  and  radius  AC  or  a 
describe  a  circle,  and  suppose  a  point  to  describe  the 
circumference  of  that  circle  with  a  uniform  velocity 

V  or  tf  4  Z-^.     At  any  instant  let  the  point  be  at  Q, 

join  CQ,  draw  the  tangent  QT,  also  draw  QP  at  right  angles  and  QN 
parallel  to  AB,  then  the  angles  NQT  and  COP  are  equal.    Now  the  velocity 

of  Q  resolved  parallel  to  AB  is  V  cos  TQN  or  ^a  /  ^  cos  CQP;  that  is,  if 
CP  equals  j,  the  velocity  of  Q  parallel  to  AB  is 


Fig.  36. 


/y/f  PQor^f(a--yO. 


But  if  we  suppose  a  point  to  move  along  AB  in  such  a  manner  that  its 
velocity  in  each   position  is  the  same  as  that  of  the  oscillating  body,  its 

velocity  at  P  would  also  equal   a /'*•  (^^'^-J')  ^  and,  therefore,  this  point 

would  describe  AB  in  the  same  time  that  Q  describes  the  semicircumferencc 
AOB.     If  then  /  be  the  required  lime  of  an  oscillation,  we  have 


'-•^"-^"Vf  ""Vp 


This  result  is  independent  of  the  length  of  the  arc  of  vibration,  provided  its 
amplitude^  that  is  AB,  be  small — not  exceeding  4  or  5  degrees,  for  instance. 
It  is  evident  from  the  formula  that  the  time  of  a  vibration  is  directly  pro- 
portional to  the  square  root  of  the  Icnj^lh  of  the  pendulum,  and  in\crsely 
proportional  to  the  square  root  of  the  accelerating  force  of  gravity. 

As  an  example  of  the  use  of  the  formula  we  may  take  the  following : — It 
has  been  found  that  39' 13983  inches  is  the  length  of  a  simple  pendulum 
whose  time  of  oscillation  at  (irecnwich  is  (me  second  ;  the  formula  at  once 
leads  to  an  accurate  determination  of  the  accelerating  forceof  gravity  i;-;  for 
Using  feet  and  seconds  as  our  units  wc  have  t ^  i,  r=  3-26165,  and  rr  btands 
for  the  known  number  3' 14 159,  therefore  the  formula  gives  us 

This  is  the  value  employed  in  (29). 

Other  examples  will  be  met  with  in  the  Appendix. 
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56.  Oimpliie  Sei^resentatloii  of  tbe  Cbanires  of  Veloolty  of  an  Oseil- 
lattec  ■ody- — The  changes  which  the  velocity  of  a  vibrating  body  under- 
goes may  be  graphically  represented  as  follows  : — Draw  a  line  of  indefinite 
kngth  and  mark  off  AH  (fig.  37)  to  represent  the  time  of  one  vibration,  HH' 


:o  represent  the  time  of  the  second  vibration,  and  so  on.  During  the  first 
v.bration  the  velocit>'  increases  from  zero  to  a  maximum  at  the  half-vibration, 
jf.d  ihen  decreases  during  the  second  half-vibration  from  the  maximum  to 
itro.  Consequently,  a  curved  line  or  arc  AQH  may  be  drawn,  whose 
vTcinate  QM  at  any  point  Q  will  represent  the  velocity  of  the  body  at  the 
::rr.c  represented  by  AM.  If  a  similar  curved  line  or  arc  HPH'  be  drawn, 
Lhc  ordinate  PN  of  any  point  P  will  represent  the  velocity  at  a  time  denoted 
:>  AN.  But  since  the  direction  of  the  velocity  in  the  second  oscillation  is 
•:'ntrar\'  to  that  of  the  velocity  in  the  first  oscillation,  the  ordinate  NP  must 
Jt  cniun  in  the  contrary  direction  to  that  of  MQ.  If,  then,  the  curve  be 
-  T.-inucd  by  a  succession  of  equal  arcs  alternately  on  opposite  sides  of  AD, 

•  •    .  I'i.itionb  of  the  velocity  of  the  vibratin^^  body  will  be  completely  rcpre- 
-'•.'.■:   jv  the  var>'in^^  magnitudes  of  the  ordinates  of  successive  points  of 

•  ♦      :r.  ♦.-.     The  last   article    shows    this    to    be    the    curve   of  sines   for   a 

5".  Zznpnlsive  Forces. — When  a  force  acts  on  a  body  for  an  inappre- 

.  ■   -].  )rt  time,  and  yet  sensibly  chan^^cs  its  velocity,  it  is  termed  an  instan- 

'.   :/ ■  or  impulsive  force.     Such  a  force  is  called  into  play  when  one  body 

■    •'  -  :t^.iin:st  another.     A  force  of  this   character  is   nothing  but  a  finite 

__■-.  -.try  large  force,  acting  for  a  time  so  bliort  that  its  duration  is  nearl\\ 

-  ••,  :n-en^ible.     In  fact,  if  M  is  the   mass   of  the   body,  and   the  force 

•  .:       M/'uniib,  it  will,  in  a  time  /,  communicate  a  velocityy?;  now,  how- 

'     '    •  .  i!i  /  may  be.  My'  and  therefore y'  may  be   so  large  that  //  may  be  of 

•r-re'.en  considerable  magnitude.     Thus  if  M   contains  a  pound  of 

•■  :.   ir.i  if  the  force  contains  ten  thousand  units,  though  /  wore  so  short 

■  •    -r  "p-iy  the  -J.'.,.,  of  a  second,  the  xelocity  communicated   by  the   force- 
.  .    •':  "7M  of  10  feet  per  second.     It  is  al^^o  to  Le  remarked  that  the  body 

-.  '•.   .-<."-iMy  mo\e  while  this  \elocity  i^  being  communicated  ;  thus,  in 
-.'?    -upp'-^ed,  the   body  would   only  move   through   A//-  (.)r  the  ../,-^  of  a 

■  !    '•  the  force  act?>  upon  it. 

'•'■'•'.n  one   body  impinges  on  another,   it   follows  from   the   law   of  the 

•;  •.:'.i«  t:on  and  reaction  ^39;  that  whatever  force  the  tirst  body  exerts 

•■'    -'.rr.-ul,  the  second  will  exert  an  e([ual  force  upon    the   tir.^^t  in  the 

•••  .::re«-tion.      Now  forces  are  proportional  to  the  momenta  ;^enerated 

■.:i..e  tine  :  conseciiiejitly,  the^e  forces  generate,  during  the  whole  or 

•    -  '.f  the  time  of  impact,  in   the   bodies  le^pectixely,  et|ual    momenta 

'.•rir\  ^igns  ;  and  therefore  the  sum  of  the  momenta  of  the  tuo  bodies 

•      :  .J  '^•r.stant  during  and  at  the  end  of  the  im])ai  t.      It   is   of  course 

'  •  w!  :i,ai  if  the  two  bodies  mcne  in  contrary  directions  their  momenta 

;.;,•  .-;:e  ^^igns,  and  the  sum  is  an  algebraical  sum.     In  order  to  test  the 
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physical  validity  of  this  conclusion,  Newton  made  a  series  of  experiments, 
which  may  be  thus  briefly  described — Two  balls  A  and  B  (fig.  38)  are  hung 

from  points  C,  D  in  the  same  horizontal 
line  by  threads  in  such  a  manner  that 
their  centres  A  and  B  are  in  the  same 
horizontal  line.  With  centre  C  and  ra- 
dius CA  describe  a  semicircle  EAF, 
and  with  centre  D  and  radius  DB 
describe  a  semicircle  GBH,  on  the 
wall  in  front  of  which  the  balls  hang. 
Let  A  be  moved  back  to  R,  and  be 
allowed  to  descend  to  A ;  it  there  im- 
pinges on  B ;  both  A  and  B  will  now  move  along  the  arcs  AF  and  BH 
respectively  ;  let  A  and  B  come  to  their  highest  points  at  r  and  k  respectively. 
Now  if  V  denote  the  velocity  with  which  A  reaches  the  lowest  point,  v  and  m 
the  velocities  with  which  A  and  B  leave  the  lowest  points  after  impact,  and 
r  the  radius  AC,  it  follows  from  (54)  that 

V  »  chd  AR  a/1  V  -  chd  Ar  a/?,  and  u  «  chd  B>&  aA  ; 

therefore  if  A  and  B  are  the  masses  of  the  two  balls,  the  momentum  at  the 
instant  before  impact  was  proportional  to  A  x  chd  AR,  and  the  momentum 
after  impact  was  proportional  to  A  x  chd  Ar  +  B  x  chd  B>6r.  Now  when  the 
positions  of  the  points  R,  r,  and  k  had  been  properly  corrected  for  the 
resistance  of  the  air,  it  was  found  that  these  two  expressions  were  equal  to 
within  quantities  so  small  that  they  could  be  properly  referred  to  errors  of 
observation.  The  experiment  succeeded  equally  under  every  modificatioo, 
whether  A  impinged  on  B  at  rest  or  in  motion,  and  whatever  the  materials  of 
A  and  B  might  be. 

58.  IMreot  OolUsion  of  Two  Bodies. — Let  A  and  B  be  two  bodies 
moving  with  velocities  V  and  U  respectively,  along  the  same  line,  and  let 
their  mutual  action  take  place  in  that  line  ;  if  the  one  overtake  the  other, 
what  will  be  their  respective  velocities  at  the  instant  after  impact  ?  We  will 
answer  this  question  in  two  extreme  cases. 

i.  Let  us  suppose  the  bodies  to  be  gtate  inelastic.  In  this  case,  when  A 
touches  B,  it  will  continue  to  press  against  B  until  their  velocities  are 
equalised,  when  the  mutual  action  ceases.  For  whatever  deformation  the 
bodies  may  have  undergone,  they  have  no  tendency  to  recover  their  shapes. 
If,  therefore,  x  is  their  common  velocity  after  impact,  we  shall  have  Ajr-t-  Bx 
their  joint  momentum  at  the  end  of  impact,  but  their  momentum  before 
impact  was  AV  +  BU.     Whence 

(A  +  B).r  =  AV  +  BU, 

an  equation  which  determines  x. 

ii.  Let  us  suppose  the  ho^xQs  fier/ec fly  elastic.  In  this  case  they  reco\Tr 
their  shapes,  with  a  force  exactly  equal  to  that  with  which  they  were  com- 
pressed. Consc(iucntly  the  whole  momentum  lost  by  the  one,  and  gained  by 
the  other,  must  be  exactly  double  of  that  lost  while  compression  took  place  ; 
that  is,  up  to  the  instant  at  which  their  velocities  were  equalised.     But  these 


^9]  Work:  Meaning  of  the  Term,  43 

are  respectively  AV  -  Ajrand  Bjt-  BU  ;  therefore,  if  v  and  ^  are  the  required 
&ia]  velocities, 

Av-AV-2(AV-Ajr)  or  v-  -V  +  2jr 

B«  -  BU  +  2(Bjr-  BU)  or  «  «  2jr~  U, 
hence 

(A  +  B)z/-2BU  +  (A-B)V 
and 

(A  +  B)«  =  2 AV  -  (A  -  B)U. 

The  following  conclusion  from  these  equations  may  be  noticed  :  suppose  a 
ball  A,  moving  with  a  velocity  V,  to  strike  directly  an  equal  ball  B  at  rest. 
In  this  case  A-B  and  U«o,  consequently  v^o  and  //  =  V;  that  is,  the 
former  ball  A  is  brought  to  rest,  and  the  latter  B  moves  on  with  a  velocity  V, 
If  now  B  strike  on  a  third  equal  ball  C  at  rest,  B  will  in  turn  be  brought 
to  rest,  and  C  will  acquire  the  velocity  V.  And  the  same  is  true  if  there  is 
a  fourth,  or  fifth,  or  indeed  any  number  of  balls.  This  result  may  be  shown 
inth  ivory  balls,  and  is  a  very  remarkable  experiment. 

59.  IVorki  KMutiiiff  of  tbe  Term. — It  has  been  pointed  out  (19,  26) 
that  a  moving  body  has  no  power  of  itself  to  change  either  the  direction  or 
:hc  speed  of  its  motion,  and  that,  if  any  such  change  lakes  place,  it  is  a  proof 
•it  the  body  is  acted  upon  by  some  external  force.  But  although  change  of 
r:  tion  thus  always  implies  the  action  of  force,  forces  are  often  exerted  with- 
•::*  causing  any  change  in  the  motion  of  the  bodies  on  which  they  act.  For 
-.-tance,  when  a  ship  is  sailing  at  a  uniform  speed,  the  force  exerted  on  it  by 
"-  Aind  causes  no  change  in  its  motion,  but  simply  prevents  such  a  change 
'-^-"^■Z  produced  by  the  resistance  of  the  water  ;  or,  when  a  railway-train  is 
--'r.ini;  with  uniform  velocity,  the  force  of  the  engine  does  not  change,  but 
'  .\  maintains  its  motion  in  opposition  to  the  forces,  such  as  friction  and  the 
rt-  >tancc  of  the  air,  which  tend  to  destroy  it. 

1  hese  two  classes  of  cases — namely,  first,  those  in  which  forces  cause  a 
*  ir;ze  of  motion  ;  and  secondly,  those  in  which  they  prevent,  wholly  or  in 
:  tTL  '-'jch  a  change  being  produced  by  other  forces — include  all  the  effects 
•*':.:  :h  the  action  of  forces  can  give  rise.  When  acting  in  either  of  these 
'  i>  ?.  a  force  is  said  to  do  work  :  an  expression  which  is  used  scientifically 
;::  X  >trisc  somewhat  more  precise,  but  closely  accordant  with  that  in  which 

•  >  jstd  in  common  language.     A  little  reflection  will  make  it  evident  that, 

-  i:I  ca^es  in  which  we  are  accustomed  to  speak  of  work  being  done — 
'-  htther  by  men,  horse-power,  or  steam-power,  and  however  various  the  pro- 
:  -  ts  may  be  in  different  cases — the  physical  part  of  the  process  consists 

-  e'.y  in  producing  or  changing  motion,  or  in  keeping  up  motion  in  opposition 

•  '  re^iitancc,  or  in  a  combination  of  these  actions.     The  reader  will  easily 

•  -vince  himself  of  this  by  calling  to  mind  what  the  definite  actions  are  which 
':t:tute  the  work  done  by  (say)  a  navvy,  a  joiner,  a  mechanic,  a  weaver;  that 

•:  '.e  by  a  horse,  whether  employed  in  drawing  a  vehicle,  or  in  turning  a  gin ; 
'  '.hit  of  a  steam-engine,  whether  it  be  used  to  drag  a  railway-train  or  to 
C'  M  machiner>'.  In  all  cases  the  work  done  is  reducible,  from  a  mechanical 
;•  r:  of  view,  to  the  elements  that  have  been  mentioned,  although  it  may  be 
:<:r:',.rTned  on  different  materials,  with  different  tools,  and  with  different 
ct^rees  of  skill. 
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It  is,  moreover,  easy  to  see  (comp.  53)  that  any  possible  change  or 
motion  may  be  represented  as  a  gain  by  the  moving  body  of  an  additional 
(positive  or  negative)  velocity  either  in  the  direction  of  its  previous  motion, 
or  at  right  angles  to  it ;  but  a  body  which  gains  velocity  is  (27)  said  to  be 
accelerated.  Hence,  what  has  been  said  above  may  be  summed  up  as 
follows  : —  When  a  force  produces  acceieration,  or  when  it  maintains  motion 
unchanged  in  opposition  to  resistance,  it  is  said  to  do  WORK. 

60.  Measure  of  iVork. — In  considering  how  work  is  to  be  measured,  or 
how  the  relation  between  di  fie  rent  quantities  of  work  is  to  be  expressed 
numerically,  we  have,  in  accordance  with  the  above,  to  consider  first,  ivork  of 
acceleration  ;  and  secondly,  icork  against  resistance.  But  in  order  to  make 
the  evaluation  of  the  two  kinds  of  work  consistent,  we  must  bear  in  mind 
that  one  and  the  same  exertion  of  force  will  result  in  work  of  either  kind 
according  to  the  conditions  under  which  it  takes  place  :  thus,  the  force  of 
gravity  acting  on  a  weight  let  fall  from  the  hand  causes  it  to  move  with  a 
continually  accelerated  velocity  until  it  strikes  the  ground  ;  but  if  the  same 
weight,  instead  of  being  allowed  to  fall  freely  through  the  air,  be  hung  to  a 
cord  passing  round  a  cylinder  by  means  of  which  various  degrees  of  friction 
can  be  applied  to  hinder  its  descent,  it  can  be  made  to  fall  with  a  very  small 
and  practically  uniform  velocity.  Hence,  speaking  broadly,  it  may  be  said 
that,  in  the  former  case,  the  work  done  by  gravity  upon  the  weight  is  work  of 
acceleration  only,  while  in  the  latter  case  it  is  work  against  resistance  (friction) 
only.  But  it  is  ver>'  important  to  note  that  an  essential  condition,  without 
which  a  force,  however  gre.nt,  cannot  do  work  either  of  one  kind  or  the  other, 
is  that  the  thing  acted  on  by  it  shall  fnove  while  the  force  continues  to  act. 
This  is  obvious,  for  if  no  motion  takes  place  it  clearly  cannot  be  either 
accelerated  or  maintained  against  resistance.  The  motion  of  the  body  on 
which  a  force  acts  being  thus  necessarily  involved  in  our  notion  of  work 
being  done  by  the  force,  it  naturally  follows  that,  in  estimating  how  much 
work  is  done,  we  should  consider  how  much — that  is  to  say,  how  far — the 
body  moves  while  the  force  acts  upon  it.  This  agrees  with  the  mode  of 
estimating  quantities  of  work  in  common  life,  as  will  be  evident  if  we  consider 
a  ver>'  simple  case— for  instance,  that  of  a  labourer  employed  to  carr>*  bricks 
up  to  a  scaffold  :  in  such  a  case  a  double  number  of  bricks  carried  would 
represent  a  double  quantity  of  work  done,  but  so  also  would  a  double  height 
of  the  scaffold,  for  whatever  amount  of  work  is  done  in  raising  a  certain 
number  to  a  height  of  twenty  feet,  the  same  amount  must  be  done  again  to 
raise  them  another  twenty  ivK  t,  or  the  amount  of  work  done  in  raiding  the 
bricks  forty  feet  i^  twice  as  great  as  that  done  when  they  are  raised  only 
twenty  feet.  It  is  also  to  be  noted  that  no  direct  reference  to  time  enters  into 
the  conception  of  a  ([uantity  of  work  :  if  we  want  to  know  how  much  work  a 
labourer  has  done,  we  do  not  ask  how  long  he  has  been  at  work,  but  what  he 
has  done — for  instance,  how  man)  bricks  he  has  carried,  and  to  what  height; 
and  our  estimate  of  the  total  .imount  of  work  is  the  same  whether  the  man 
has  spent  hours  or  days  in  doing  it. 

The  foregoing  relations  between  force  and  work  may  be  put  inl«)  detinite 
1nati1ematic.1l  language  as  follows  : — If  the  point  of  application  of  a  force 
moves  in  a  straight  line,  and  if  the  part  of  the  force  resolved  along  this  line 
a<ts  in  the  direction  of  the  motion,  the  product  of  that  coiniHment  and  the 
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lenj^th  of  the  line  Is  the  work  done  by  the  force.  If  the  component  acts  in 
the  opposite  direction  to  the  motion,  the  component  may  be  considered  as 
a  resistance,  and  the  product  is  work  done  against  the  resistance.  Thus,  in 
'43 ,.  if  ik-e  suppose  a  to  move  up  the  plane  from  R  to  S,  the  work  done  by  P 
is  P  X  RS  :  the  work  done  against  the  resistance  W  is  W  sin  jr  x  RS.  It 
v-ill  be  obscr\'ed  that  if  the  forces  are  in  equilibrium  during  the  motion,  so 
d^^t  the  vclocit}'  of  a  is  uniform,  P  equals  W  sin  ;r,  and  consequently  the 
«-'>rk  done  by  the  power  equals  that  done  against  the  resistance.  ^Iso,  since 
RS  sin  X  equals  ST,  the  work  done  against  the  resistance  equals  W  x  ST. 
In  other  words,  to  raise  W  from  R  to  S  requires  the  same  amount  of  work 
IS  to  raise  it  from  T  to  S. 

IC  however,  the  forces  are  not  in  equilibrium,  the  motion  of  a  will  not  be 

•niiform,  but  accelerated ;  the  work  done  upon  it  will  nevertheless  still  be 

represented  by  the  product  of  the  force  into  the  distance  through  which  it 

aas.     In  order  to  ascertain  the  relation  between  the  amount  of  work  done 

and  the  change  produced  by  it  in  the  velocity  of  the  moving  mass,  we  must 

recall  one  or  two  elementary  mechanical  principles.     Let  F  be  the  resultant 

:'>rce  resolved  along  the  direction  of'  motion,  and  S   the  distance  through 

Bhich  its  point  of  application  moves  :  then,  according  to  what  has  been  said, 

•>.e  work  done  by  the  force  -  FS.     Further,  it  has  been  pointed  out  (29)  that 

•n.^tant  force  is  measured  by  the  momentum  produced  by  it  in  a  unit  of 

'  -•  :  hence,  if  T  be  the  time  during  which  the  force  acts,  V  the  velocity  of 

•  ►  ::.;i&s  M  at  the  beginning  of  this  period,  and  V,  the  velocity  at  the  end, 

T  rivmentum  produced  during  the  time  T  is  MV^-MV,  and  consequently 

•  :n«-»mentum  produced  in  a  unit  of  time,  or,  in  other  words,  the  measure 

■  the  force,  ib 

T         • 

T\*'  distance  S  throu^jh  which  the  mass  M  moves  while  its  velocity 
:-.*  =  from  the  value  V  to  the  value  \',  is  the  same  as  if  it  had  moved 
:.r-^-  the  whole  period  T  with  a  velocity  equal  to  the  average  value  of  the 
■--ir.^' velocity  which  it  actually  possesses.  But  a  constant  force  acting 
. ^  -.  I  constant  mass  causes  its  velocity  to  chanjje  at  a  uniform  rate  ;  hence, 
'.  \:k  present  case,  the  average  velocity  is  simply  the  arithmetical  mean  of 

■  •:  dCtua!  and  final  velocities  : 

S  =  i(V,-.V}T. 

C'iT^ibining  this  with  the  last  equation,  we  get  as  the  expression  for  the 
'•;  done  bv  the  force  F  : 

FS-JM(V,«-V-*; ; 

■*.  .-  "A-ords,  u*hen  a  constant  force  acts  on  a  mass  so  as  to  change  its 
' '     ifv,  the  -work  done  by  the  force  is  equal  to  half  the  product  of  the  mass 

■  r"-  :ke  change  of  the  square  of  the  velocity, 

T'r*  fore^Toing  conclusion  has  been  arrived  at  by  supposing  the  force  F 
'  vt  ''onstanT,  but  it  is  easy  to  show  that  it  holds  j;ood  equally  if  F  is  the 
•'^7/c  ma^Tiitude  of  a  force  which  varies  from  one  part  to  another  of  the 
*  Vi  t:-tanre  through  which  it  acts.  To  prove  this,  let  the  distance  S  be 
.  ->:.-.-:■:;•:<:  into  a  ver>'  great  number  n  of  very  small  parts,  each  equal  to  j. 
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so  that  ^ir  a  S.  Then,  by  supposing  x  to  be  sufficiently  small,  we  may  with- 
out any  appreciable  error  consider  the  force  as  constant  within  each  of  these 
intervals,  and  as  changing  suddenly  as  its  point  of  application  passes  from 
one  interval  to  the  next.  Let  F|,  F^  F,  .  .  .  •  Fit,  be  the  forces  acting 
throughout  the  ist,  2nd,  3rd  ....  nth  inter\'al  respectively,  and  let  the 
velocity  at  the  end  of  the  same  intervals  be  !/„  v„  Vj,  .  .  .  .  v«  (-VJ 
respectively  ;  then,  for  the  work  done  in  the  successive  intervals,  we  have  : 

F,x.iM(V-V) 
F^.JM(z/,»-T.,«) 


F^.iM(V-^'n'-.)-iM(Vj»-i'.»-,X 
or,  for  the  total  work, 

(F,  +  F,  +  F,+ +FOx-JM(Vj»^t;»); 

where  the  quantity  of  the  left-hand  side  of  the  equation  may  also  be 

p.p.  .  p 

written     '       »      '  '         °  fis  =  FS,  if  we  put  F  to  stand  for  the  average  (or 

arithmetical  mean)  of  the  forces  F„  F^,  &c. 

An  important  special  case  of  the  application  of  the  abo\'e  formula  arises 
when  either  the  initial  or  the  final  velocity  of  the  mass  M  is  nothing ;  that 
is  to  say,  when  the  effect  of  the  force  is  to  make  a  body  pass  from  a  state 
of  rest  into  one  of  motion,  or  from  a  state  of  motion  into  one  of  rest.  The 
general  expression  then  assumes  one  of  the  following  forms,  namely  : — 

FS-iMVi»or, 
-FS-JMV*; 

the  first  of  which  denotes  the  quantity  of  work  which  must  be  done  on  a  body 
of  mass  M  in  order  to  give  to  it  the  velocity  V„  while  the  second  expresses 
the  work  that  must  be  done  in  order  to  bring  the  same  mass  to  rest  when  it 
is  moving  with  the  velocity  V^,  the  negative  sign  in  the  latter  case  showiaf 
that  the  force  here  acts  in  opposition  to  the  actual  motion,  and  is  thereibce 
to  be  regarded  as  a  resistance. 

In  practice,  the  case  which  most  frequently  occurs  is  where  work  of  ac- 
celeration and  work  against  resistance  are  performed  simultaneously.  Thus, 
recurring  to  the  inclined  plane  already  referred  to  in  art.  43  ;  if  the  force  P 
(where  P  is  the  constant  force  with  which  the  string  pulls  W  up  the  plane) 
be  greater  than  W  sin  jr,  the  body  W  will  move  up  the  incline  with  a  con- 
tinually increasing  velocity,  and  if  the  point  of  application  of  P  be  displaced 
from  R  to  S,  the  total  amount  of  work  done,  namely,  P  x  RS,  consists  of  a 
portion  -W  sin  x  RS,  done  against  the  resistance  of  the  weight  W,  and  of  a 
portion -(P  —  W  sin  :r)  RS  expended  in  accelerating  the  weight  Hence,  to 
determine  the  velocity  v  with  which  \V  arrives  at  the  top  of  the  incline  we 
have  the  equation 

(P-Wbina)  RS-i\W; 
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tor  the  portion  of  P  which  is  in  excess  of  what  is  required  to  produce  equili- 
brium with  the  weight  W,  namely,  P- W  sin  :r,  corresponds  to  the  resultant 
force  F  supposed  in  the  forc^ing  discussion,  and  RS  to  the  distance  through 
which  this  resultant  force  acts. 

61.  mat  of  ^Tork.  Vower. — For  stricdy  scientific  purposes  a  unit  of  work 
is  taken  to  be  the  work  done  by  a  unit  of  force  when  its  point  of  application 
moves  through  one  foot  in  the  direction  of  its  action  ;  but,  as  a  convenient 
and  sufficiently  accurate  standard  for  practical  purposes,  the  quantity  of  work 
vhich  is  done  in  lifting  i  pound  through  the  height  of  i  foot  is  commonly 
adopted  as  the  unit,  and  this  quantity  of  work  is  spoken  of  as  one  *  foot- 
pound.' It  is,  however,  important  to  observe  that  the  foot-pound  is  not  per- 
fealy  invariable,  since  the  weight  of  a  pound,  and  therefore  the  work  done 
in  lifting  it  through  a  given  hei^t,  differs  at  different  places,  being  a  little 
greater  near  the  Poles  than  near  the  Equator. 

On  the  metrical  system  the  kilogrammetre  is  the  imit ;  it  is  the  work 
done  when  a  weight  of  a  kilogramme  is  raised  through  a  height  of  a 
metre.  This  is  equal  to  7-24  foot-pounds,  and  one  foot-pound  » '1381  of  a 
lologranunetre. 

In  estimating  the  usefulness  of  any  motor  it  becomes  necessary  to  know 
the  time  required  by  it  for  doing  a  given  amount  of  work.  The  amount  of 
work  per  second  is  the  power  of  the  motor.  The  unit  of  power  is  the 
power  required  to  do  a  unit  of  work  in  a  unit  of  time.  For  measuring  the 
power  of  engines  the  unit  used  is  the  horse-power,  which  represents  a  rate 
of  work  of  33,000  foot-pounds  per  minute. 

It  is  to  be  observed  that  in  every  case  the  unit  is  of  the  same  denomi- 
nation as  the  thing  or  quantity  measured.  The  unit  of  length  must  be  a 
«»^h  :  the  unit  of  value  must  be  a  definite  quantity  of  some  valuable 
commodity.  The  numbers,  to  determine  which  is  one  of  the  objects  of 
:'h\-5ical  research,  are  to  be  considered  as  abstract  numbers,  representing 
how  many  times  the  unit  is  taken. 

6 1  a.  Systcma  of  units. — The  units  of  mass,  length,  and  time  are  said 
V)  be  fundamental  units,  as  all  other  units,  such  as  those  of  area,  velocity, 
acceleration,  power,  &c.,  are  referred  to  them.  These  latter  units  are  there- 
■orc  called  derived  units.  The  magnitudes  of  the  fundamental  units  are, 
'jyacvcr,  arbitrary.  A  large  class  of  writers  use  the  centimetre,  gramme, 
aid  second,  and  this  system  is  usually  called  the  C.G,S,  system ;  others 
-«  the  foot,  pound,  and  second.  It  thus  becomes  important  to  have  a 
systematic  method  of  reducing  measurements  from  one  system  of  units  to 
another. 

Let  L,  M,  T  represent  respectively  the  magnitude  or  dimensions  of  the 
cttitimelre,  the  gramme,  and  the  second,  and  L',  M',  T'  represent  the 
<:-.msnsions  of  the  foot,  the  pound,  and  the  minute.  Then,  if  a  wire  is  found 
t^  be  /  cm.  or  /'  ft  in  length,  its  length  may  be  represented  either  by  /L  or 
."L',  and  hence 

/L-rL',or/-J--V. 

The  ratio  t   is  the  length  of  a  foot  in  centimetres,  and  has  been  found 
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by  direct  comparison  to  be  30*4797.     Hence  any  measurement,  /'  in  feet,  is 
converted  into  centimetres  by  multiplying  I'  by  this  number. 

In  a  similar  manner,  if  m  and  m'  represent  the  number  of  units  of  mass 
in  a  piece  of  matter  in  the  two  systems, 

where  the  unit  ratio  is  the  number  of  grammes  in  a  pound,  or  453*59. 
For  converting  a  volume  v'  into  the  equivalent  v, 


'•/>'.;^I^ 

D=^r.fkVD 

M 

M 

Here  the  ratio  ^.  is  said  to  be  a  measure  of  the  magnitude  or  dimensions 

of  the  unit  of  density,  in  terms  of  the  dimensions  of  the  fundamental  units 

of  mass  and  length.     If  a  substance  is  said  to  have  a  unit  density,  then  if  M 

is  the  gramme  and  L'  the  cubic  centimetre,  the  density  of  the  substance 

would  be  that  of  water.     If,  however,  M  were  the  kilogramme  and  L'  the 

cubic  centimetre,  the  density  would  be  a  thousand  times  that  of  water. 

If,  again,  L'  represents  a  cubic   decimetre,  and  M  the  kilogramme,  the 

density  would  again  be  that  of  water.     It  appears,  then,  that  the  magnitude 

of  the  unit  of  density  is  directly  proportional  to  the  magnitude  of  the  unit 

of  mass,  and  inversely  as  the  magnitude  of  the  unit  of  volume  or  the  cube  of 

the  unit  of  length.     As  the  unit  density  is  the  density  of  a  unit  mass  to  the 

M 
unit  volume,  it  is  clear  that      ^   measures  the  dimensions  of  the  unit  of 

density.     Similar  explanations  apply  in  the  succeeding  cases. 

For  Velocity y  v  =• 

/     L^r     L' 

/  *  T°/'  '  T'' 

L'     T 

The  ratio  :j;,.^^.^^"^-' 
T      minute    60 

T 
If  the  units  of  time  were  the  same,  the  unit  factor     ,  -  i,  and  the  velo- 
city in  centiniclres  would  be 

where  v'  is  the  velocity  in  feet  per  second. 
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ml    ML    m'r 

t  •  T  "nr 


MO-' 


Far Acc€Uraium^  a  *  ~*^ 

/     L     A     L' 

•4' ©•■••. 

vhere  a'  is  the  acceleration  in  feet  per  minute. 

ml 
F&r  Force^Y  ^ma^^ 

ml    ML    m'^    W\J 

ML  ItV 
In  the  C.G.S.  system  the  unit  is  called  the  Dyne. 

ml'     ML-     wV     M'L'^ 

,  Ml  _       ,  . 

41  "jn  ^'^  'T'/?     ' 


F  rWork,  W-F/-' 


M   Vl     TV 


Ir*  the  C.G.S.  system  the  unit  of  work  is  called  the  Erg. 
!:2t€  of  Work,  or  Power,  P  -  ^^-  ^' 


mV- 


ML- 
T3 


'-i;:(tT®>- 


1:  -Aork  is  expressed  in  foot-pounds  or  kilofp-amme-metres,  the  unit  of 
:'•'  »  ■:«ing  the  weight  of  a  pound  or  kilogramme,  then  to  convert  a  certain 
:-r.v;:  of  foot-pounds  into  kilogramme-metres  we  have 

wl.  WL-a//'\V'L^ 
Work  (kgr.-m.)  ■  (  «r  •  ,  )  work,  foot-pounds, 

where  ^y;.P!>""^.o-4536 
W     kilogr.       ^^^ 

I;/ -foot    ,03048, 
L     metre        ^  ^  ' 

*-«  nnit  factor  being  thus  0*1383. 
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Similarly,  to  convert  foot-pounds  per  minute  into  kilogr. -metres  per  » 

where  the  conversion  factor  becomes  0-00230. 

The  units  commonly  used  for  measuring  the  power  of  engines  a 
horse-power^  which  is  33,000  times  as  great  as  the  unit  in  which  P' 
last  equation  was  measured,  and  the  force  de  cheval^  which  is  75  tii 
great  as  the  unit  in  which  P  was  measured.  Hence,  if  P^  is  to  be  in 
power,  and  P  \n  force  de  cheval^  the  equation  will  become 

P  -  0-00230  x33>??Op' 
75 
-i-oi39P^ 

and  hence  one  British  horse-power  -  voiy^  force  de  chevai. 

These  examples  will  be  sufficient  to  indicate  the  method  of  con^ 
measurements  fVom  one  system  of  units  to  any  other,  and  the  treats 
other  derived  units  may  be  deferred  until  they  are  needed. 

62.  Bnerty. — The  fact  that  any  agent  is  capable  of  doing  work  is  1 
expressed  by  saying  that  it  possesses  Energy^  and  the  quantity  of  en 
possesses  is  measured  by  the  amount  of  work  it  can  da  For  exu 
the  case  of  the  inclined  plane  above  referred  to,  the  working  power  or 
of  the  force  P  is  P  x  RS ;  and  if  this  force  acts  under  the  conditio 
supposed,  by  the  time  its  own  energy  is  exhausted  (in  consequence 
point  of  application  having  arrived  at  S,  the  limit  of  the  range  throu^ 
it  is  supposed  able  to  act),  it  has  conferred  upon  the  weight  W  a  qua] 
energy  equal  to  that  which  has  been  expended ;  for,  in  the  first  pi 
has  been  raised  through  a  vertical  height  equal  to  ST,  and  could  by 
again  through  the  same  height  do  an  amount  of  work  represented  by  \i 
and  in  the  second  place  W  can  do  work  by  virtue  of  the  velocity  tl 
been  imparted  to  it,  and  can  continue  moving  in  opposition  to  an] 
resistance  R  through  a  distance  x,  such  that 

Rj-JWv». 

The  energy  possessed  by  the  mass  M  in  consequence  of  having  been 
from  the  ground  is  commonly  distinguished  as  energy  of  position  or  ft 
energy^  and  is  measured  by  the  product  of  the  force  tending  to  cause 
into  the  distance  through  which  the  point  of  application  of  the  I 
capable  of  being  displaced  in  the  direction  in  which  the  force  acts 
energy  possessed  by  a  body  in  consequence  of  its  velocity  is  commor 
tinguished  as  energy  of  motion^  or  kinetic  energy  :  it  is  measured  by  1 
product  of  the  moving  mass  into  the  square  of  its  velocity. 

63.  Varieties  ofBnerry- — It  will  be  seen,  on  considering  the  de 
of  work  given  above,  that  a  force  is  said  to  do  work  when  it  produc 
change  in  the  condition  of  bodies  ;  for  the  only  changes  which,  accor 
the  definition  of  force  given  previously  (26),  a  force  is  capable  of  prw 
are  changes  in  the  state  of  rest  or  motion  of  bodies  and  changes  o 
place,  in  opposition  to  resistances  tending  to  prevent  motion  or  to  p 
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aodOB'lAJSi  opposite  direction.  There  are,  however,  many  other  kinds  of 
fifskal  dianges  which  can  be  produced  under  appropriate  conditions,  and 
ibt  rcccfli  fitpgress  of  investigation  has  shown  that  the  conditions  under 
vbkb  changes  of  all  kinds  occur  are  so  far  analogous  to  those  required  for 
the  prodoctton  of  work  by  mechanical  forces  that  the  term  work  has  come 
10  be  ttsed  in  a  more  extended  sense  than  formerly,  and  is  now  often  used  to 
W^Mf  tJie  production  of  any  sort  of  physical  change. 

Ttas  work  is  said  to  be  done  when  a  body  at  a  low  temperature  is  raised 
higfier  temperature,  just  as  much  as  when  a  weight  is  raised  from  a 
r  to  a  higher  level ;  or,  again,  work  is  done  when  an  electrical,  magnetic, 
^dicmBcal  change  is  produced.  This  extension  of  the  meaning  of  the 
ten  work  involves  a  similar  extension  of  the  meaning  of  emrgy^  which  in 
ifcti  wider  sense  may  be  defined  as  the  capacity  for  producing  physical 

As  examples  of  energy  in  this  more  general  sense,  the  following  may  be 
ia)  the  energy  possessed  by  gunpowder  in  virtue  of  the  mutual 
I  affiiuties  of  its  constituents,  whereby  it  is  capable  of  doing  work  by 
f  ll^t  or  by  acting  on  a  cannon-ball  so  as  to  change  its  state  of 
\  of  rapid  motion  ;  (b)  the  energy  of  a  charged  Leyden  jar,  which, 
;  lo  the  way  in  which  the  jar  is  discharged,  can  give  rise  to  changes 
^  to  changes  of  chemical  composition,  to  mechanical  changes, 
9  to  clianges  of  magnetic  or  electrical  condition  ;  (c)  the  energy  of  a  red-hot 
WL  wlijch,  amongst  other  efifects  it  is  capable  of  producing,  can  raise  the 
litre  and  incrrcasc  the  volume  of  bodies  colder  than  itself,  or  can 
ice  into  water  or  water  into  steam  ;  the  energy  of  the  stretched 
of  a  bow  :  here  work  has  been  consumed  in  stretching  the  string  ; 
is  b  released  the  work   reappears  in   the  velocity  imparted  to  the 

64.  TrttAAformatiaB  of  BnercT- — It  has  been  found  by  experiment 
^m  wkaen  one  kind  of  energy  disappears  or  is  expended,  energy  of  some 
^B  kind  is  produced,  and  that,  under  proper  conditions,  the  disappearance 
^asy  <ne  of  the  known  kinds  of  energy  can  be  made  to  give  rise  to  a  greater 
« las  amotmt  of  any  other  kind.  One  of  the  simplest  illustrations  that  can 
I  of  ibis  transformation  of  energy  is  afforded  by  the  oscillations  of  a 
When  the  pendulum  is  at  rest  in  its  lowest  position  it  does  not 
sjr  cnefg>',  for  it  haii  no  power  of  setting  either  itself  or  other  bodies 
of  producing  in  them  any  kind  of  change.  In  order  to  set  the 
\  oacillaiing,  work  must  be  done  upon  it,  and  it  thereafter  possesses 
\  of  energy  corresponding  to  the  work  that  has  been  expended. 
I  il  liai  reached  either  end  of  its  path,  the  pendulum  is  for  an  instant  at 
mi;  Imt  it  possesses  energy  by  virtue  of  its  position,  and  can  do  an  amount  of 
^■Ie  «Ue  ItAiilg  to  Its  lowest  position,  which  is  represented  by  the  product 
tf  ito  w^i^OA  into  the  vertical  height  through  which  its  centre  of  gravity  dc- 
soiilM  When  at  the  middle  of  its  path  the  pendulum  is  passing  through  its 
\  of  c^ioinbrittmy  and  has  no  power  of  doing  work  by  falling  lower ;  but 
energy  by  virtue  of  the  velocity  which  it  has  gained,  and 
'  is  able  to  carry  it  up  on  the  second  side  of  its  lowest  position  to 
I  to  that  &om  which  it  has  descended  on  the  first  side.  By 
:  It  reaches  this  position  the  pendulum  has  lost  all  its  velocity,  but  it 
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has  regained  the  power  of  falling :  this,  in  its  turn,  is  lost  as  the  pendulum 
returns  again  to  its  lowest  position,  but  at  the  same  time  it  regains  its  pre- 
vious velocity.  Thus,  during  every  quarter  of  an  oscillation  the  eneigy  of 
the  pendulum  changes  from  potential  energy  of  position  into  actual  eneig)' 
or  energy  of  motion,  or  vice  versd, 

A  more  complex  case  of  the  transformation  of  energy  is  afforded  by  a 
thermo-electric  pile,  the  terminals  of  which  are  connected  by  a  conducting 
wire :  the  application  of  energy  in  the  form  of  heat  to  one  &ce  of  the  pile 
gives  rise  to  an  electric  current  in  the  wire,  which,  in  its  turn,  reproduces 
heat,  or  by  proper  arrangements  can  be  made  to  produce  chemical,  magnetic* 
or  mechanical  effects,  such  as  those  described  below  in  the  chapters  on 
Electricity. 

It  has  also  been  found  that  the  transformations  of  energy  always  take 
place  according  to  fixed  proportions.  For  instance,  when  coal  or  any  other 
combustible  is  burned,  its  chemical  energy,  or  power  of  combining  with 
oxygen,  vanishes,  and  heat  or  thermal  energy  is  produced,  and  the  quantity 
of  heat  produced  by  the  combustion  of  a  given  amount  of  coal  is  fixed  and 
invariable.  If  the  combustion  take  place  under  the  boiler  of  a  steam-engine, 
mechanical  work  can  be  obtained  by  the  expenditure  of  part  of  the  heat  pro- 
duced, and  here  again  the  quantitative  relation  between  the  heat  expended 
and  the  work  gained  in  place  of  it  is  perfectly  constant. 

65.  OoBsenrmtioii  of  Bnerfj.^Another  result  of  great  importance,  which 
has  been  arrived  at  by  experiment,  is  that  the  total  amount  of  energy  possessed 
by  any  system  of  bodies  is  unaltered  by  any  transformations  arising  from  the 
action  of  one  part  of  the  system  upon  another,  and  can  only  be  increased  or 
diminished  by  effects  produced  on  the  system  by  external  agents.  In  this 
statement  it  is  of  course  understood  that  in  reckoning  the  sum  of  the  encrjjy 
of  various  kinds  which  the  system  may  possess,  those  amounts  of  the 
different  forms  of  energy  which  are  mutually  convertible  into  each  other  are 
taken  as  being  numerically  equal ;  or,  what  comes  \'irtually  to  the  same 
thing,  the  total  energy  of  the  system  is  supposed  to  be  reduced — either  ac- 
tually, or  by  calculation  from  the  known  ratio  of  transformation  of  the  various 
forms  of  energy — to  energy  of  some  one  kind  ;  then  the  statement  is  equi\'alent 
to  this  :  that  the  total  energy  of  any  one  form  to  which  the  energ\-  of  a  given 
system  of  bodies  is  reducible  is  unalterable  so  long  as  the  system  is  not  acted 
on  from  without.  Practically  it  is  always  possible,  in  one  way  or  another,  to 
convert  the  whole  of  the  energy  possessed  by  any  body  or  system  of  bodies 
into  heat,  but  it  cannot  be  all  converted  without  loss  into  any  other  form  of 
energy ;  hence  the  principle  stated  at  the  beginning  of  this  article  can  be 
enunciated  in  the  closest  conformity  with  the  direct  results  of  experiment  b>' 
saying  that,  so  long  as  any  system  of  bodies  is  not  acted  on  from  without 
the  total  quantity  of  heat  that  can  be  obtained  from  it  is  unalterable  by  any 
changes  which  may  go  on  within  the  system  itself.  For  instance,  a  quantity 
of  air  compressed  into  the  reser\'oir  of  an  air-gun  possesses  energy*  which  is 
represented  partly  by  the  heat  which  gives  to  it  its  actual  temperature  above 
the  absolute  zero  (460),  and  partly  by  the  work  which  the  air  can  do  in  expand- 
ing. This  latter  portion  can  be  converted  into  heat  in  various  ways,  as,  for 
example,  by  allowing  the  air  to  escape  through  a  system  of  capillary  tubes 
so  fine  that  the  air  issues  from  them  without  .iny  sensible  velocity ;  if,  how- 
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r,  tbe  dpandh^  air  be  employed  to  propel  a  bullet  fit>in  the  gun,  it 
coosklendily  less  heat  than  in  die  case  prenonsly  supposed,  die 
drfriency  being  represented  for  a  time  by  the  energy  of  die  moving  bullet, 
hit  leappearing  in  the  form  of  heat  in  the  friction  of  the  bullet  against  the 
ai^  and,  uten  the  motion  of  the  bullet  is  destroyed,  by  striking  against  an 
;  obstade  at  the  same  level  as  the  gun.  But  whatever  the  mode  and 
Emexous  the  intermediate  steps  by  ix^ch  the  enexgy  of  the  com- 
l  air  is  converted  into  heat,  the  total  quantity  of  heat  finally  obtainable 
t  it  is  die  same. 
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BOOK   II. 

GRAVITATION   AND   MOLECULAR  ATTRACTION. 

CHAPTER    I. 
GRAVITY.      CENTRE  OF  GRAVITY.      THE   BALANCE. 

66.  VnlTersal  AttraotioB  t  its  &aw». — Universal  attraction  is  a  force 
in  virtue  of  which  the  material  particles  of  all  bodies  tend  incessantly  to 
approach  each  other ;  it  is  a  mutual  action,  however,  which  all  bodies,  at 
rest  or  in  motion,  exert  upon  one  another,  no  matter  how  great  or  how  small 
the  space  between  them  may  be,  or  whether  this  space  be  occupied  or  on* 
occupied  by  other  matter. 

A  vague  hypothesis  of  the  tendency  of  the  matter  of  the  earth  and  stars 
to  a  common  centre  was  adopted  even  by  Democritus  and  Epicurus.  Kepler 
assumed  the  existence  of  a  mutual  attraction  between  the  sun,  the  earth,  and 
the  other  planets.  Bacon,  Galileo,  and  Hooke  also  recognised  the  existence 
of  universal  attraction.  But  Newton  was  the  first  who  established  the  law, 
and  the  universality  of  gravitation. 

Since  Newton's  time  the  attraction  of  matter  by  matter  was  experiment- 
ally established  by  Cavendish.  This  eminent  English  physicist  succeeded, 
by  means  of  a  delicate  torsion  balance  (89),  in  rendering  visible  the  attraction 
between  a  large  leaden  and  a  small  copper  ball. 

The  attraction  between  any  two  bodies  is  the  resultant  of  the  attractions 
of  each  molecule  of  the  one  upon  every  molecule  of  the  other  according  to 
the  law  of  Newton,  which  may  be  thus  expressed :  the  attraction  betw€em 
two  material  particles  is  directly  proportional  to  the  product  of  their  masses 
and  inversely  proportional  to  the  squctre  of  their  distances  asunder.  To 
illustrate  this,  we  may  take  the  case  of  two  spheres,  which,  owing  to  their 
symmeter)',  attract  each  other  just  as  if  their  masses  were  concentrated  in 
their  centres.  If  without  other  alteration  the  mass  of  one  sphere  were 
doubled,  tripled,  &c.,  the  attraction  between  them  would  be  doubled,  tripled, 
&c.  If,  however,  the  mass  of  one  sphere  being  doubled,  that  of  the  other 
were  incre^ased  three  times,  the  distance  between  their  centres  remaining  the 
same,  the  attraction  would  be  increased  six  times.  Lastly,  if,  without  alter* 
ing  their  masses,  the  distance  between  their  centres  were  increased  from  t 
to  2,  3,  4   ....  units,  the  attraction  would  be  diminished  to  the  4th,  9tli, 
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i6ch,  ....  part  of  its  former  intensity.  In  short,  if  we  define  the  unit  of 
attraction  as  that  which  would  exist  between  two  units  of  mass  whose 
distance  asunder  was  the  unit  of  length,  the  attraction  of  two  molecules, 
haring  the  masses  m  and  m\  at  the  distance  r,  would  be  expressed  by 

r* 

67.  VMrestrial  sraTltatloii. — The  tendency  of  any  body  to  fall  towards 
the  earth  is  due  to  the  mutual  attraction  of  that  body  and  the  earth,  or  to 
terrestrial  gravitation,  and  is,  in  fact,  merely  a  particular  case  of  universal 
attraction. 

At  any  point  of  the  earth's  surface,  the  direction  of  gravity — that  is,  the 
Lne  which  a  falling  body  describes — is  called  the  vertical  line.  The  vertical 
lines  drawn  at  different  points  of  the  earth's  surface  converge  very  nearly  to 
the  earth's  centre.  For  points  situated  on  the  same  meridian  the  angle  con- 
tained between  the  vertical  lines  equals  the  difference  between  the  latitudes 
of  those  points. 

The  directions  of  the  earth's  attraction  upon  neighbouring  bodies,  or  upon 
different  molecules  of  one  and  the  same  body,  must,  therefore,  be  considered 
as  parallel,  for  the  two  vertical  lines  form  the  sides  of  a  triangle  whose  vertex 
is  near  the  earth's  centre,  about  4,000  miles  distant,  and  whose  base  is  the 
jT!iaIJ  distance  between  the  molecules  under  consideration. 

A  plane  or  line  is  said  to  be  horizontal  when  it  is  perpendicular  to  the 
icrtical  line. 

The  vertical  line  at  any  point  of  the  globe  is  generally  detemiincd  by  the 
plumb-line  (fig.  39),  which  consists  of  a  weight  attached  to  the  end  of  a  string. 
I:  is  evident  that  the  weight  cannot  be  in  equilibrium  un- 
ctis  the  direction  of  the  earth's  attraction  upon  it  passes 
•J;rough  the  point  of  support,  and  therefore  coincides  with 
that  of  the  string. 

The  horizontal  plane  is  also  determined  with  great 
case,  since  it  coincides,  as  will  be  afterwards  shown,  with 
the  Uvel  surface  of  every  liquid  when  in  a  state  of  equili- 
brium. 

When  the  mean  figure  of  the  earth  has  been  approxi- 
r.ately  determined,  it  becomes  possible  to  compare  the 
erection  of  the  plumb-line  at  any  place  with  that  of  the 
Dorraal  to  the  mean  figure  at  that  place.  When  any  diflfer- 
CLce  in  these  directions  can  be  detected,  it  constitutes  a 
dr^-uUion  of  the  plumb-line,  and  is  due  to  the  attraction  of 
some  great  mass  of  matter  in  the  neighbourhood,  such  as 
aniountain.  Thus,  in  the  case  of  the  mountain  of  Schehallien,  in  Perthshire, 
it  was  found  by  Dr.  Maskel>Tie  that  the  angle  between  the  directions  of  two 
plumb-lines,  one  at  a  station  to  the  north,  and  the  other  to  the  south,  of  the 
xnoontain,  was  greater  by  11 '''6  than  the  angle  between  the  normals  of  the 
oean  surface  of  the  earth  at  those  points  ;  in  other  words,  each  plumb-line 
'TIS  deflected  by  about  6"  towards  the  mountain.  By  calculating  the  volume 
and  mass  of  the  mountain,  it  was  inferred  from  this  observation  that  the 
nean  density  of  the  mountain  was  to  that  of  the  earth  in  the  ratio  of  5  :  9, 
aad  that  the  mean  density  of  the  earth  is  about  five  times  that  of  water — a 
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result  agreeing  pretty  closely  with  that  deduced  from  Cavendish's  experiment 
referred  to  in  the  last  article. 

68.  Centre  of  sraTt^*  Its  esi^eiimeatal  determiaatleB. — Into  what- 
ever position  a  body  may  be  turned  with  respect  to  the  earth,  there  is  a 
certain  point,  invariably  situated  with  respect  to  the  body,  through  which 
the  resultant  of  the  attracting  forces  between  the  earth  and  its  several  mole- 
cules always  passes.  This  point  is  called  the  centre  of  gravity :  it  may  be 
within  or  without  the  body,  according  to  the  form  of  the  latter ;  its  existence, 
however,  is  easily  established  by  the  following  considerations  :  Let  m  m,'  m^' 
m"\  ...  (fig.  40)  be  molecules  of  any  body.  The  earth's  attraction  npoo 
these  molecules  will  constitute  a  system  of  parallel  forces,  having  a  common 
vertical  direction,  whose  resultant  will  be  found  by  seeking  first  the  resultant 
of  the  forces  which  act  on  any  two  molecules,  m  and  m\  then  that  of  this 
resultant,  and  a  third  force  acting  on  mf'y  and  so  on  until  we  arrive  at  the 
final  resultant,  W,  representing  the  weight  of  the  body,  and  applied  at  a 
certain  point,  G.  If  the  body  be  now  turned  into  the  position  shown  in 
fig.  41,  the  molecules  m^  m\  m'\  .  .  will  continue  to  be  acted  on  by  the 


same  forces  as  before,  the  resultant  of  the  forces  on  m  and  m*  will  pass 
through  the  same  point  o  in  the  line  ////m',  the  following  resultant  will  again 
pass  through  the  same  point  o'  in  om''y  and  so  on  up  to  the  final  resultant 
P,  which  will  still  pass  through  the  same  point  G,  which  is  the  centre  of 
gravity. 

To  find  the  centre  of  gravity  of  a  body  is  a  purely  geometrical  problem ; 
in  many  cases,  however,  it  can  be  at  once  determined.  For  instance,  the 
centre  of  gravity  of  a  right  line  of  uniform  density  is  the  point  which  bisects 
its  length ;  in  the  circle  and  sphere  it  coincides  with  the  geometrical  centre ; 
in  cylindrical  bars  it  is  the  middle  point  of  the  axis.  The  centre  of  gravity 
of  a  plane  triangle  is  in  the  line  which  joins  any  vertex  with  the  middle  of 
the  opposite  side,  and  at  a  distance  from  the  vertex  equal  to  two-thirds  of 
this  line  :  in  a  cone  or  pyramid  it  is  in  the  line  which  joins  the  vertex  with 
the  centre  of  gravity  of  the  base,  and  at  a  distance  from  the  vertex  equal  to 
three-fourths  of  this  line.  These  rules,  it  must  be  remembered,  presuppose 
that  the  several  bodies  are  of  uniform  density. 

In  order  to  determine  experimentally  the  centre  of  gravity  of  a  body,  it 
is  susp>endcd  by  a  string  in  two  different  positions,  as  shoun  in  figs.  42  and 
43  ;  the  point  where  the  directions  AB  and  CD  of  the  string  in  the  two  ex- 
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Fig.  42. 


Fig.  43- 


periments  intersect  each  other  is  the  centre  of  gravity  required  For,  the 
resultant  of  the  earth's  attraction  being  a  vertical  force  applied  at  the  centre 
of  gravity,  the  body  can  only  be  in  equilibrium  when  the  point  lies  vertically 
under  the  point  of  suspension  ;  that  is,  in  the  prolongation  of  the  suspended 
string.  But  the  centre  of  gravity, 
beii^  in  AB  as  well  as  in  CD,  must 
coincide  with  the  point  of  intersec- 
tioD  of  these  two  lines. 

The  centre  of  gravity  of  a  thin 
piece  of  cardboard  of  irregular 
shape,  for  instance,  may  be  found 
by  balancing  it  in  two  positions  on 
a  knife-edge  ;  the  centre  of  gravity 
viD  then  lie  in  the  intersection  of 
the  two  lines. 

69.  X^MlUbritun  of  heaTy 
^••iea, — Since  the  action  of  gravity 
spon  a  body  reduces  itself  to  a 
single  vertical  force  applied  at  the 

•  '^tre  of  gravity  and  directed  to- 

irds  the  earth's  centre,  equili- 
r.um  ^-ill  be  established  only  when  this  resultant  is  balanced  by  the 
T^  ji'tant  of  other  forces  and  resistances  acting  on  the  body  at  the  fixed  point 
"v-ijh  which  it  passes. 

When  only  one  point  of  the  body  is  fixed,  it  will  be  in  equilibrium  if  the 
*r:ical  line  through  its  centre  of  gravity  passes  through  the  fixed  point.     If 

rt  ihan  one  point  is  supported,  the  body  will  be  in  equilibrium  if  a  vertical 
'c  through  the  centre  of  gravity  passes  through  a  point  within  the  polygon 
■  rrr.ed  by  joining  the  points  of  support. 

The  Leaning  Tower  of  Pisa  continues  to  stand  because  the  vertical  line 

•  :rj»-n  through  its  centre  of  gravity  passes  within  its  base. 

It  is  easier  to  stand  on  our  feet  than  on  stilts,  because  in  the  latter  case 
rf  sir.aJlest  motion  is  sufficient  to  cause  the  vertical  line  through  the  centre 
:  .Ta*.  ;ty  of  our  bodies  to  pass  outside  the  supporting  base,  which  is  here 
rcj'-.ed  to  a  mere  line  joining  the  feet  of  the  stilts.  Again,  it  is  impossible 
:<  j'-ind  on  one  leg  if  we  keep  one  side  of  the  foot  and  head  close  to  a  vertical 

•iJ',  because  the  latter  prevents  us  from  throwing  the  bod/s  centre  of  gravity 
^r::-jiJly  above  the  supporting  base. 
-o.  9iflerent  states  of  eqnllibrlnm. — Although  a  body  supported  by  a 

^t<i  point  is  in  equilibrium  whenever  its  centre  of  gravity  is  in  the  vertical 
T^  through  that  point,  the  fact  that  the  centre  of  gravity  tends  incessantly 

»o  ^cipy  the  lowest  possible  position  leads  us  to  distinguish  between  three 

-utes  of  equilibrium — stable^  unstable^  neutral, 

k  body  is  said  to  be  in  stable  equilibrium  if  it  tends  to  return  to  its  first 

x-siti'-.n  after  the  equilibrium  has  been  slightly  disturbed.     Every  body  is  in 

"  -  -tate  when  its  position  is  such  that  the  slightest  alteration  of  the  same 

"I*:-,  ares  its  centre  of  gravity  ;  for  the  centre  of  gravity  will  descend  again 
-r.^^  permitted,  and  after  a  few  oscillations  the  body  will  return   to  its 

^■'i^inal  position. 
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The  pendulum  of  a  clock  continually  oscillates  about  its  position  of  stable 
equilibrium,  and  an  egg  on  a  level  table  is  in  this  state  when  its  long  axis 
is  horizontal  We  have  another  illustration  in  the  toy  represented  in  the 
adjoining  ^g.  45.  A  small  figure  cut  in  ivory  is  made  to  stand  on  one  foot 
at  the  top  of  a  pedestal  by  being  loaded  with  two  leaden  balls,  a,  ^,  placed 
sufficiently  low  to  throw  the  centre  of  gravity,  g^  of  the  whole  compound 
body  below  the  foot  of  the  figure.  After  being  disturbed,  the  little  figure 
oscillates  like  a  pendulum,  having  its  point  of  suspen- 
sion at  the  toe,  and  its  centre  of  gravity  at  a  lower 
point,  g. 

A  body  is  said  to  be  in  unstable  equiliMum  when, 
after  the  slightest  disturbance,  it  tends  to  depart  still 
more  from  its  original  position.  A  body  is  in  this  state 
when  its  centre  of  gravity  is  vertically  above  the  point 
of  support,  or  higher  than  it  would  be  in  any  adj^icent 


KiR.  44. 


Fig.  45- 


position  of  the  body.  An  ^%%  standing  on  its  end,  or  a  stick  balanced  upright 
on  the  finger,  is  in  this  state. 

Lastly,  if  in  any  adjacent  position  a  body  still  remains  in  equilibrium,  its 
state  of  equilibrium  is  said  to  be  neutral.  In  this  case  an  alteration  in  the 
position  of  the  body  neither  raises  nor  lowers  its  centre  of  gravity.  A  perfect 
sphere  resting  on  a  horizontal  plane  is  in  this  state. 

Fig.  44  represents  three  cones,  A,  B,  C,  placed  respectively  in  stable^ 
unstable,  and  neutral  equilibrium  upon  a  horizontal  plane.  The  letter  g  in 
each  shows  the  position  of  the  centre  of  gravity. 

71.  The  BaUunee. — The  balance  is  an  instrument  for  determining  the 
relative  weights  or  masses  of  bodies.    There  are  many  varieties. 

The  ordinary  balance  (fig.  46)  consists  of  a  lever  of  the  first  kind,  called 
the  beam^  AB,  with  its  fulcrum  in  the  middle  ;  at  the  extremities  of  the  beam 
are  suspended  two  scale-pans,  C  and  D,  one  intended  to  receive  the  object 
to  be  weighed,  and  the  other  the  counterpoise.  The  fulcrum  consists  of  a 
steel  prism,  «,  commonly  called  a  knife-edge^  which  passes  through  the  beam^ 
and  rests  with  its  sharp  edge,  or  axis  of  suspension^  upon  two  supports  ;  these 
are  formed  of  agate,  in  order  to  diminish  the  friction.  A  needle  or  pointer 
is  fixed  to  the  beam,  and  oscillates  with  it  in  front  of  the  graduated  arc,  m : 
when  the  beam  is  perfectly  horizontal  the  needle  points  to  the  zero  of  the 
graduated  arc. 

Since  by  (40)  two  equal  forces  in  a  lever  of  the  first  kind  cannot  be  ift 
equilibrium  unless  their  leverages  are  equal,  the  length  of  the  arms  nA  and 
/iB  ought  to  remain  equal  during  the  process  of  weighing.    To  secure  tUs 
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the  scales  are  suspended  from  hooks,  whose  curved  parts  have  sharp  edges, 
and  rest  on  similar  edges  at  the  ends  of  the  beam.  In  this  manner  the 
scales  are  in  eflfect  supported  on  mere  points,  which  remain  unmoved  during 
the  oscillations  of  the  beam.    This  mode  of  suspension  is  represented  in 

72.  OMidltioBs  to  be  satUfled  I17  a  balanee. — A  good  balance  ought 
ID  satisfy  the  following  conditions  : — 

L  The  two  arms  of  the  beam  ought  to  be  precisely  equals  otherwise, 
according  to  the  principle  of  the  lever,  unequal  weights  will  be  required  to 
produce  equilibrium.  To  test  whether  the  arms  of  the  beam  are  equal, 
weights  are  placed  in  the  two  scales,  until  the  beam  becomes  horizontal ; 
the  contents  of  the  scales  being  then  interchanged,  the  beam  will  remain 
horiiontal  if  its  arms  are  equal,  but  if  not,  it  will  descend  on  the  side  of  the 
longerarm.  ^ 


Fig.  46. 

iL  Tke  balance  ought  to  be  in  equilibrium  when  the  scales  are  empty ^  for 
otbcnrise  unequal  weights  must  be  placed  in  the  scales  in  order  to  produce 
equilibrium.  It  must  be  borne  in  mind,  however,  that  the  arms  are  not 
aecessarily  equal,  even  if  the  beam  remains  horizontal  when  the  scales  are 
empty  ;  for  this  result  might  also  be  produced  by  giving  to  the  longer  arm 
the  lighter  scale. 

iii.  Th€  beam  being  horizontal^  its  centre  of  gravity  ought  to  be  in  the 
lame  vertical  line  with  the  edge  of  the  fulcrum^  and  a  little  belo7v  the  latter, 
for  othen»'ise  the  beam  would  not  be  in  stable  equilibrium  (70;. 

The  effect  of  changing  the  position  of  the  centre  of  gravity  may  be  shown 
^  means  of  a  beam  (fig.  47),  whose  fulcrum  being  the  nut  of  a  screw,  a,  can 
be  raised  or  lowered  by  turning  the  screw-head,  b. 
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When  the  fulcrum  is  at  the  top  of  the  groove  Cy  in  which  it  slides,  the 
centre  of  gravity  of  the  beam  is  below  its  edge,  and  the  latter  osdllittet 


Fig.  47. 

freely  about  a  position  of  stable  equilibrium.  By  gradually  lowering  the 
fulcrum  its  edge  may  be  made  to  pass  through  the  centre  of  gravity  of  the 
beam  when  the  latter  is  in  neutral  equilibrium  ;  that  is  to  say,  it  no  loQger 
oscillates,  but  remains  in  equilibrium  in  all  positions.  When  the  fulcnun 
is  lowered  still  more,  the  centre  of  gravity  passes  above  its  edge,  the 
beam  is  in  a  state  of  unstable  equilibrium,  and  is  overturned  by  the  lejut 
•displacement 

73.  Belleaoy  of  tlie  iMaaaee. — A  balance  is  said  to  be  delicate  when  a 
very  small  difference  between  the  weights  in  the  scales  causes  a  perceptible 
■deflection  of  the  pointer. 

Let  A  and  6  (figs.  48  and  49)  be  the  points  from  which  the  scale-pans 
are  suspended,  and  C  the  axis  of  suspension  of  the  beam.  A,  B,  and  C  are 
assumed  to  be  in  the  same  straight  line,  according  to  the  usual  arrangement 
Suppose  weights  P  and  Q  to  be  in  the  pans,  suspended  firom  A  and  B  re- 
spectively, and  let  G  be  the  centre  of  gravity  of  the  beam  ;  then  the  beam 


Fig.  48. 
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will  come  to  rest  in  the  position  shown  in  the  figure,  where  the  line  DCN  is 
vertical,  and  ECG  is  the  direction  of  the  pointer.  According  to  the  above 
statement,  the  greater  the  angle  ECD  for  a  given  difference  between  P  and 
Q>  the  greater  is  the  delicacy  of  the  balance.  Draw  ON  at  right  angles 
to  CG. 

Let  W  be  the  weight  of  the  beam,  then  from  the  properties  of  the  lever  (40) 
it  follows  that  measuring  moments  with  respect  to  C,  the  moment  of  P  equals 
the  sum  of  the  moments  of  O  and  W,  a  condition  which  at  once  leads  to  the 
relation 

(P-Q)AC-WxGN 

Now  it  is  clear  that  for  a  given  value  of  CG  the  angle  GCN  (that  is  ECD, 
which  measures  the  delicacy)  is  greater  as  GN  is  greater;  and  from  the 
formula  it  is  clear  that  for  a  given  value  of  P  -  Q  we  shall  have  GN  loreater 
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,  and  as  W  is  less.    Again,  for  a  given  value  of  GN  the 

GCN  b  greater  as  GC  is  less.     Hence   the  means  of  rendering  a 


:  delicate  I 


lu,   7>  Mm^  iJUcfnire  of  gravity  of  the  beam  a  very  little  below  the  point 


tiJkearjms  of  the  balance  long, 

kt  the  weight  cf  the  beam  as  small  as  ts  consistent  with  its 


|Hom>fcr,  since  friction  will  always  oppose  the  action  of  the  force  that 
to  prcpcmdefate,  the  balance  will  be  rendered  more  delicate  by  diminish- 

f  fncsiaci.  To  secure  this  advantage  the  edges  from  which  the  beam  and 
ane  snspended  are  made  as  sharp  and  as  hard  as  possible,  and  the 
IS  on  wbidi  they  rest  are  \txy  smooth  and  hard.  This  is  effected  by 
s  iif  afvte  knife-edges.  And,  further,  the  pointer  is  made  long,  since 
raiders  a  given  deflection  more  perceptible  by  increasing  the 

\  wMtli  its  end  describes. 

The  saufthreness  of  a  balance  is  expressed  by  the  ratio  of  the  smallest 

ilfti,  which  will  produce  a  measurable  deflection  of  the  pointer,  to  the 

74  WUTwHiemX  wid  chcinloal  baJaaees. — Fig.  50  represents  one  of  the 
onst  tnknoes  ordinanly  used  for  chemical  analysis.     Its  sensitiveness  is 


^ch'Aigfid  with  a  kilngrammc  (1,000  grms.)  in  each  scale  an 
i  of  a  milligramme  i>,,J^,  of  a  grm.)  in  either  scale  produces 
dc  deflection  of  the  index. 
fo  protect  the  balance  from  air*currcnts,  dust,  and  moisture, 
when  weighing,  surrounded  by  a  glass  case,  whose  firont 
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slides  up  and  down,  to  enable  the  operator  to  introduce  the  objects  to  be 
weighed.  Where  extreme  accuracy  is  desired  the  case  is  constructed  so 
that  the  space  may  be  exhausted,  and  the  weighing  made  in  vacuo. 

In  order  to  preserve  the  edge  of  the  fulcrum  as  much  as  possible,  the 
whole  beam,  BB,  with  its  fulcrum  K,  can  be  raised  from  the  support  on 
which  the  latter  rests  by  simply  turning  the  button  O  outside  the  case. 

The  horizontality  of  the  beam  is  determined  by  means  of  a  long  index, 
which  points  downwards  to  a  graduated  arc  near  the  foot  of  the  supporting 
pillar.  Lastly,  the  button  C  serves  to  alter  the  sensitiveness  of  the  balance ; 
by  turning  it,  the  centre  of  gravity  of  the  beam  can  be  made  to  approadi 
or  recede  from  the  fulcrum  (69). 

75.  Metbod  of  douMe  welftUnr. — Even  if  a  balance  be  not  perfectly 
acciirate,  the  true  weight  of  a  body  may  still  be  determined  by  its  means.  To  ' 
do  so,  the  body  to  be  weighed  is  placed  in  one  scale,  and  shot  or  sand  poured  ^ 
into  the  other  until  equilibrium  is  produced;  the  body  is  then  replaced  * 
by  known  weights  until  equilibrium  is  re-established.  The  sum  of  tliete  -^ 
weights  will  necessarily  be  equal  to  the  weight  of  the  body,  for,  acting  under  ^ 
precisely  the  same  circumstances,  both  have  produced  precisely  the  same  ' 
effect  - 

The  exact  weight  of  a  body  may  also  be  determined  by  placing  it  sue*  - 
cessively  in  the  two  pans  of  a  balance,  and  then  deducing  its  true  weij^         - 

For  having  placed  in  one  pan  the  body  to  be  weighed,  whose  true  wel^  ■ 
is  Xy  and  in  the  other  the  weight  /,  required  to  balance  it,  let  a  and  ^  be  - 
the  arms  of  levers  corresponding  to  x  and  p.  Then  from  the  principle  of  ■ 
the  lever  (40)  we  have  ax^pb.  Similarly,  if  p^  is  the  weight  when  the  body  ° 
is  placed  in  the  other  pan,  then  bx^ap^.  Hence  abj^^abpp^^  from  whidi  = 
x^s/pp^.  This  method  was  invented  by  P^  Amiot,  but  is  ordinarily  "" 
known  as  Borders  Method,  " 

Jolly  made  use  of  the  balance  to  determine  the  constant  of  gravity.  He 
counterbalanced  one  and  the  same  mass,  in  one  case  by  placing  weights  m 
a  scale  pan  on  the  same  level ;  and  in  another  case  by  placing  weights  in  m 
scale  pan  at  a  distance  of  21  metres  below,  and  connected  with  the  nppar 
one  by  a  wire.  There  was  an  increase  in  weight  in  the  lower  one,  and  the 
increase  corresponded  to  that  calculated  from  the  formula  in  (82). 

A  large  lead  sphere  was  then  placed  immediately  below  the  mass  in  the 
lower  pan,  and  produced  a  measurable  attraction.  From  the  attraction  that 
produced  by  the  known  mass  of  the  lead  it  was  possible  to  deduce  the  mam 
and  the  mean  density  of  the  Earth  ;  the  number  obtained  was  5*69.  Similar 
experiments  have  been  made  by  Prof  Poynting  and  have  led  to  the 
number. 
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LAWS  OF  FALLING  BODIES.      INTENSITY  OF  TERRESTRIAL  GRAVITY. 
THE    PENDULUM. 

76.  ^mwrn  9t  iMUac  bedles. — Since  a  body 
fiDs  to  the  ground  in  consequence  of  the  earth's 
attraction  on  eacA  of  its  molecules,  it  follows  that, 
oerything  else  being  the  same,  all  bodies,  great 
md  small,  light  and  heavy,  ought  to  fall  with  equal 
lapidity,  and  a  lump  of  sand  without  cohesion  should, 
dning  its  fisdU  retain  its  original  form  as  perfectly 
at  if  it  were  compact  stone.  The  fact  that  a  stone 
bJls  more  rapidly  than  a  feather  is  due  solely  to  the 
mequal  resistances  opposed  by  the  air  to  the  descent 
flf  these  bodies  ;  in  a  vacuum  all  bodies  fall  with 
tqual  rapidity.  To  demonstrate  this  by  experiment 
a  glass  tube  about  two  yards  long  (fig.  51)  may  be 
akcn,  ha\nng  one  of  its  ends  completely  closed, 
and  a  brass  cock  fixed  to  the  other.  After  having 
•Etroduccd  bodies  of  diflferent  weights  and  densities 
pieces  of  lead,  paper,  feather,  &c.)  into  the  tube, 
the  air  is  withdrawn  from  it  by  an  air-pump,  and 
the  cock  closed.  If  the  tube  be  now  suddenly  re- 
versed, all  the  bodies  will  fall  equally  quickly.  On 
aitrodocing  a  little  air  and  again  inverting  the  tube, 
•he  lighter  bodies  become  slightly  retarded,  and 
this  retardation  increases  with  the  quantity  of  air 
introduced. 

The  resistance  opposed  by  the  air  to  falling 
bodies  is  especially  remarkable  in  the  case  of 
bquids.  The  Staubbach  in  Switzerland  is  a  good 
ilistration  ;  an  immense  mass  of  water  is  seen  fall- 
Jcz  over  a  high  precipice,  but  before  reaching  the 
bwtom  it  is  shattered  by  the  air  into  the  finest 
Giist  In  a  vacuum,  however,  liquids  fall  like 
vxids  without  separation  of  their  molecules.  The 
liUr-hamfmr  illustrates  this  :  the  instrument  cen- 
sus oi  a  thick  glass  tube  about  a  foot  long,  half- 
£I)ed  arith  water,  the  air  having  been  expelled  by 
evw!]::ion  previous  to  closing  one  extremity  with  the 
^ow-pipc  When  such  a  tube  is  suddenly  inverted, 
the  water  falls  in  one  undivided  mass  against  the  Fig.  51 
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other  extremity  of  the  tube,  and  produces  a  sharp  dry  sound,  resembling' 
that  which  accompanies  the  shock  of  two  solid  bodies. 

From  Newton's  law  (66)  it 
follows  that  when  a  body  fkils 
to  the  earth  the  force  of  attrac* 
tion  which  causes  it  to  do 
so  increases  as  the  body  ap- 
proaches the  earth.  Unless  the 
height  from  which  the  body 
falls,  however,  be  very  greats 
this  increase  will  be  altogether 
inappreciable,  and  the  force  in 
question  may  be  considered  as 
constant  and  continuous.  If 
the  resistance  of  the  air  were 
removed,  therefore,  the  motioQ 
of  all  bodies  falling  to  the 
earth  would  be  uniformly  ac- 
celerated, and  would  obey  the 
laws  already  explained  (49). 

77.  JLtwoo4*s  me^mnio, — 
Several  instruments  have  beeo 
invented  for  illustrating  and 
experimentally  verifying  the 
laws  of  falling  bodies.  Galileo^ 
who  discovered  these  laws  im 
the  early  part  of  the  seven- 
teenth century,  illustrated 
them  by  means  of  bodies 
falling  dou*n  inclined  plsneSi 
The  great  object  of  all  such 
instruments  is  to  diminish  the 
rapidity  of  the  fall  of  bodies 
without  altering  the  character 
of  their  motion,  for  by  dus 
means  their  motion  may  not 
only  be  better  observed,  bat 
it  will  be  less  modified  by  die 
resistance  of  the  air  (48). 

The  most  convenient  instru- 
ment of  this  kind  is  that  in- 
vented by  Atwood  at  the  end  of 
the  last  centur)*,  and  represented 
in  fig.  52.  It  consists  of  a  sICMit 
pillar  of  wood,  about  3)  yards 
high,atthetopofwhichisabrass 
pulley,  whose  axle  rests  and 
turns  upon  four  other  wheels,  called  friction  wheels^  inasmuch  as  the>'  serve 
to  diminish  friction.     Two  equal  weights,  M  and  M',  are  attached  to  thecx- 
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0I"  a  fine  silk  thready  which  passes  round  ihe  pulley  ;  a  timepiece, 

H,  fixed  ta  the  pillar,  is  rfjgulated  by  a  seconds  pendulum,  P,  in  the  usual 

;  tiiai  is  li>  say,  the  oscillations  of  the  pendulum  are  communicated  to  a 

Qi^ket,  wlmse  two  teeth,  as  seen  in  the  figure,  fit  into  those  of  the  ratchet 

vhsd.    The  mx\e  of  this  wheel  j^ves  motion  10  the  seconds  hapd  of  the  dial, 

sd  also  to  an  eccentric  behind  the  dial,  as  show^  at  E  by  a  separate  figure. 

Tltts  cooefitric  plays  aj^'ainst  the  extremity  of  a  lever  D,  which  it  pushes 

■dl  the  Utter  no  longer  supports  the  small  plate  1  ;  and  thus  the  weight  M, 

At  first  rested  on  this  plate,  is  suddenly  exposed  10  the  free  action  of 

The  eccentric  is  so  constructed  that  the  little  plate  1  falls  precisely 

tJie  hand  of  the  dial  points  to  zero. 

Tbc  weigtiis  iM  and  M',  being  equal,  hold  each  other  in  equilibrium  ; 

^  vtjflit  M,  however,  is  made  to  descend  slowly  by  putting  a  small  bar  or 

wiini|.hr  m  upon  it  ;  and  10  measure  the  spaces  which  it  describes,  the  rod 

"wwnit  Q  is  divided  into  feet  and  inches,  commencing  from  the  plate  /, 

TfCOBir^"**  *^''  instrument  there  are  a  number  of  plates.  A,  A',  C,  C\  and 

AflBBbr  .  B,  U',  which  may  be  fixed  by  screws  at  any  part  of  the 

■lie,    1  ^  arrest  the  descending  weight  M,  the  rings  only  arrest  the 

^orc'  f*h  which  was  the  cause  of  motion,  so  that  after  passing 

U>cm,  me  weight  M,  in  consequence  of  its  inertia,  will  move  on 

with   the  velocity  it  had  acquired  on  reaching  the  ring.     The 

Se  apparatus  being  described,  a  few  words  will  suffice  to 

-d  of  experimenting. 

die  i^uiil  of  the  dial  be  placed  behind  the  zero  point,  the  lever  D 

ta  wippnrt  the  plate  #,  on  which  the  weight  M  with  its  overweight 

md  the  pendulum  put  in  motion*     .-Vs  soon  as  the  hand  of  the  dial 

lero  the  plate  1  will  fall,  the  weights  M  ami  m  will  descend,  and  by 

atlcfitiofi  and  a  few  trials  it  will  be  easy  to  place  a  plate  A  so  that  M 

resell  il  exactly  as  the  dial  indicates  the  expiration  of  one  second.     To 

a  fecood  experiment  let  the  weights   M  and  //i,    the  plate  /,  and  the 

r.  —  .J   ,-*.^  as  at  first  \  remove  the  plate  A,  and  in  its  place  put  a  ring^ 

Uic  overweight  m  just   when  the  weight   M   would  have 

A  .  "  —  1^.  iJie  pendulum  in  motion  again  it  will  be  easy,  after  a 

tf>  le,  C,  so  that  the  weight  M  may  fall  upon  it  precisely 

liasid'^  ot  the  dial  point  to  two  seconds.     Since  the  overweight  m 

iftdpcfisfK^i  was  arrested  by  the  ring  B  at  the  expiration  of  one  second^ 

W-  tl  by  M  in  one  second  purely  in  virtue  of  its  own 

mg^w^  ^  >y  (24)  BC  will  indicate  tlie  velocity  of  the  falling 

■Hi  wt  liic  ca|>if iAUon  of  one  second. 

^■^irjwiinT:  trt  the  <iflmc  manner  as  before,  let  a  third  experiment  be  made 
s«<er  Id  a  mi  B'  at  which  the  weights  M  and  m  arrive  after 

tekpRol  r  nd  putting  a  ring  at   B^  ascertain   by  a  fourth 

the  point  C  at  which  M  arrives  alone,  three  seconds  after  the 
#)i— >H>Pfir»c!  ;  B'C  m\\  then  express  the  velocit>'  acquired  after  a 
lonat  ^  tiin  9ec<ind^  lo  a  similar  manner,  by  a  fifth  and  sixth  experiment, 
•^a»5r  ^-*--^*^p  tlie  space  OB"  described  in  three  seconds^  and  the  vclo- 
«y  B^.  d  daring  those  three  seconds,  and  so  on  ;  we  shall  find 

te§'C  li  i»7tL»%  und  D"C'' three  times  as  great  as  BC— in  other  words, 
te  tie  vdocitiet  BC,  WC\  B''C"  increase  in  the  same  proportion  as  the 
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times  (i,  2,  3,  .  .  .  seconds)  employed  in  their  acquirement  By  the  defi- 
nition (49),  therefore,  the  motion  is  uniformly  accelerated.  The  same  ex- 
periments will  also  sen-e  to  verify  and  illustrate  the  four  laws  of  unifonnljr 
accelerated  motion  as  enunciated  in  (49).  For  example,  the  spaces  OB, 
OB^,  OB^',  ....  described  from  a  state  of  rest  in  i,  2, 3,  ...  .  seconds, 
will  be  found  to  be  proportional  to  the  numbers  i,  4,  9  .  .  . ;  that  is  to  say, 
to  the  squares  of  those  numbers  of  seconds,  as  stated  in  the  third  law. 

Lastly,  if  the  overweight  tn  be  changed,  the  acceleration  or  velocity  EC 
acquired  per  second  will  also  be  changed,  and  we  may  easily  verify  the 
^sertion  in  (27),  that  force  is  proportional  to  the  product  of  the  mass  moved 
into  the  acceleration  produced  in  a  given  time.  For  instance,  assuming  the 
pulley  to  be  so  light  that  its  inertia  can  be  neglected  if  m  weighed  half  an 
ounce,  and  M  and  M'  each  15}  ounces,  the  acceleration  BC  would  be  found 
to  be  six  inches  ;  whilst  if  m  weighed  one  ounce,  and  M  and  M'  each  63I 
ounces,  the  acceleration  BC  would  be  found  to  be  three  inches. 

Now  in  these  cases  the  forces  producing  motion,  that  is  the  overweightSi 
are  in  the  ratio  of  i  :  2  ;  while  the  products  of  the  masses  and  the  accelera- 
tions are  in  the  ratio  of  (J  +  1 5J  +  1 5})  x  6  to  (i  +  63J  •«■  63J)  x  3  ;  that  is,  they 
are  also  in  the  ratio  i  :  2.  Now  the  same  result  is  obtained  in  whatever 
way  the  magnitudes  of  m,  M,  and  M^  are  varied,  and  consequently  in  all 
cases  the  ratio  of  the  forces  producing  motion  equals  the  ratio  of  the  nM^ 
menta  generated. 

78.  Morla*s  appaimtas. — The  principle  of  this  apparatus,  the  original 
idea  of  which  is  due  to  General  Poncelet,  is  to  make  the  falling  body  trace 
its  own  path.  Fig.  53  gives  a  view  of  the  whole  apparatus,  and  fig.  54 
gives  the  details.  The  apparatus  consists  of  a  wooden  framework,  aboot 
7  feet  high,  which  holds  in  a  vertical  position  a  very  light  ^-ooden  c>'linder, 
M,  which  can  turn  freely  about  its  axis.  This  cylinder  is  coated  witb 
paper  divided  into  squares  by  equidistant  horizontal  and  vertical  lines.  The 
latter  measure  the  path  traversed  by  the  body  falling  along  the  cylinder« 
while  the  horizontal  lines  are  intended  to  divide  the  duration  of  the  fall  into  | 
equal  parts. 

The  falling  body  is  a  mass  of  iron,  P,  provided  with  a  pencil  which  it 
pressed  against  the  paper  by  a  small  spring.  The  iron  is  guided  in  its  fidl 
by  two  light  iron  wires  which  pass  through  guide-holes  on  the  two  sideSi 
The  top  of  this  mass  is  provided  with  a  tipper  which  catches  against  the  end 
of  a  bent  lever,  AC.  This  being  pulled  by  the  string  K  attached  at  A,  the 
weight  falls.  If  the  cylinder  M  were  fixed,  the  pencil  would  trace  a  straight 
line  on  it ;  but  if  the  cylinder  moves  uniformly,  the  pencil  traces  the  line 
mn^  which  ser\cs  to  deduce  the  law  of  the  fall.  ^ 

The  cylinder  is  rotated  by  means  of  a  weight,  Q,  suspended  to  a  cord  4 
which  passes  round  the  axle  G.  At  the  end  of  this  is  a  toothed  wheel,  Ct  ^• 
which  turns  two  endless  screws,  a  and  ^,  one  of  which  turns  the  c>'iinda',  ^^ 
and  the  other  two  vanes,  j- and  x-'  i^fig.  54).  At  the  other  end  is  a  ratchet 
wheel,  in  which  fits  the  end  of  a  lever,  B  ;  by  pulling  at  a  cord  fixed  to  the  i: 
other  end  of  B,  the  wheel  is  lil>erated,  the  weight  Q  descends,  and  the  whA  t. -j 
system  lxjj,nns  to  turn.  The  motion  is  at  first  accelerated,  but  as  the  air  ^ 
offers  a  resistance  to  the  vanes  (48),  which  increases  as  the  rotation  becomes  ^ 
more  rapid,  the  resistance  finally  equals  the  acceleration  which  gTa\ity  tendi  ^ 
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79,  Tbe  le&irtii  of  tiie  compoiLiid  peiidiiliaiii« — The  formulA  cf 

article  (55)  and  the  conclusions  which  follow  ihcrefrom,  refer  to  the  t 
simple  or  mAthcmaiical  pendulum  j  that  is,  to  a  single  hea\'y  point  4 
by  a  thread  without  weight.  Such  a  pendulum  has  only  an  \ 
exist^ioe,  and  any  pendulum  which  does  not  realise  these  coi| 
cmlled  a  cotnpound  or  physical  pendulum.  The  laws  for  the  timej 
lion  of  a  compound  pendulum  are  the  same  as  those  which  re| 
motion  of  the  simple  pendulum,  though  it  will  be  necessar)*  to  i 
curately  what  is  meant  by  the  Ungih  of  such  a  pendulum,  A  % 
pendulum  being  formed  of  a  heavy  rod  terminated  by  a  greater  or  | 
it  follows  that  the  several  material  points  of  the  whole  s) 
strive  to  perfonn  their  oscillations  indifferent  times,  thciij 
from  the  axis  of  suspension  being  different^  and  the  md 
points  requiring  a  longer  time  to  complete  an  oscillati0 
this,  and  from  the  fact  that  being  points  of  the  same  1 
must  all  oscillate  together,  it  follows  that  the  motion  of  | 
near  the  axis  of  suspension  will  be  retarded,  whilst  thai  Ofl 
distant  points  will  be  accelerated,  and  between  the  two  « 
there  will  necessarily  be  a  series  of  points  whose  motk 
neither  accelerated  nor  retarded,  but  which  will  oscillati 
as  if  they  were  perfectly  free  and  unconnected  with  the  o|| 
of  the  system.  These  points,  being  equidistant  from  tl 
suspension^  constitute  a  parallel  axis  known  its  the  oi^ 
lation  ;  and  it  is  to  the  distance  between  these  two  suoi 
term  Itngth  of  the  awtpound  pendulum  is  applied  :  wf 
therefore,  that  the  length  af  a  compound  pendulum  is  4 
simple  pendulum  which  would  describe  its  osciUations  i^ 
time.  \ 

Huyghens,  the  celebrated  Dutch  physicist,  discovered 
axes  of  suspension  and  oscillation  arc  mutually  convert 
is  to  say,  the  time  of  oscillation  will  remain  unalteredl 
pendulum  is  suspended  from  its  axis  of  oscillation.    Thif  j 
to  determine  experimentally  the  length  of  the  compound  | 
For  this  purpose  the  rei>ersible pendulum  devised  by  lioly 
and  Kater  may  be  used.     One  form  of  this  (fig.  55)  is  i 
the  knife-edges  a  and  b  turned  towards  each  other,     W| 
lcn§-shaped  masses  the  relative  positions  of  which  may  I 
By  a  scries  of  trials  a  position  can  be  found  such  that  ti 
uf  oscillations  of  the  pendulum  in  a  given  time  is  the  s^ 
it  oscillates  about  the  axis  a  or  the  axis  l>.     This  being  i 
lance  ab  represents  the  length  /  of  a  simple  pendulum  | 
the  same  time  of  oscillation.     From  the  value  of  /,  thuij 
it  is  ca%y  to  determine  the  length  of  the  seconds  pendull 
The  length  of  the  seconds  pendulum— that  is  to  say,  of  the  I 
U'hlch   niakcs  one   oscillation   in   a  second — varies,    of   course, 
of  gravity*     The  following  table  gives   its  \ti1uc  at  the  sJ 
places  as  dctcmiincd  by  observation.     The  accelerativ^ 
Pity  at  these  places,  accordtn^-^  to  formula  (55),  is  obtained  if 
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metres,  by  multiplying  the  length  of  the  seconds  pendulum,  reduced  to  feet 
and  metres  respectively,  by  the  square  of  3-14159  or  9*87. 


Latitude 

Length  of  Pen- 
dulum  in  inches 

Acceleration  of  Gravity  in 

Feet 
32-2364 

Metres 

70°. 40'  N. 

39-1948 

9-8258 

57.9 

391550 

32-2066 

9-8164 

54.42 

39-1507 

32-2002 

9-8142 

53.29 

391466 

32-1968 

9-8134 

53.21 

39-1461 

32-1968 

9-8132 

52.30 

39*1439 

321945 

9-8124 

51.29 

391398 

32-1912 

9-8115 

48.50 

39-1285 

321819 

98039 

41  -54 

39-1145 

321712 

98053 

40.43 

39-1012 

321594 

9-8019 

38.54 

390968 

32-1558 

9-8006 

13.4^ 

39-0268 

32-0992 

9-7836 

7.56 

39-0242 

32-0939 

9-7817 

0.25 

39*0207 

32-0957 

9-7826 

zi  .55  s.  , 

39-0780 

32-1404 

9-7962 

.  Hammerfest . 
'  Aberdeen 
I  Kdnigsberg  . 

Manchester  . 

Dablin  . 

Beriin   . 

Greenwich 
(Paris     . 

Rome    . 

New  York 

Washington  . 

Madras 

Ascension 

St  Thomas  . 

Cape«>f  Good  Hope 


Consequently,  \g  or  the  space  described  in  the  first  second  of  its  motion 
':•  k  bijdy  falling  in  vacuo  from  a  state  of  rest  (49)  is 

16-0478  feet  or  4-89 1  metres  at  St.  Thomas, 
16-0956  „  „  4*905  „  at  London,  and 
i6'ii82     „     ,,  4-913       „      at  Hammerfest. 

Ir.  all  calculations  which  are  merely  used  for  the  sake  of  illustration  we 
Si)  uke  32  feet,  or  98  metres,  as  the  accelerative  effect  due  to  gravity. 

rroni  observations  of  this  kind,  after  applying  the  necessary  corrections, 
asc  taking  into  account  the  effect  of  rotation  (82),  the  form  of  the  earth  can 
'^  deduced. 

Ux  ▼erifleatlon  of  Uie  laws  of  tlie  pendnlam. — In  order  to  verify  the 
ia^iof  the  simple  pendulum  (55)  we  are  compelled  to  employ  a  compound 
't*.  ahKfse  construction  differs  as  little  as  possible  from  that  of  the  former. 
'T  :hi^  purpf tsc  a  small  sphere  of  a  very  dense  substance,  such  as  lead  or 
SiTiSCTL  i>  susp>cndcd  from  a  fixed  point  by  means  of  a  very  fine  metal  wire. 
A  >f:MJu!am  thus  formed  oscillates  almost  like  a  simple  pendulum,  whose 
ejth  :s  equal  to  the  distance  of  the  centre  of  the  sphere  from  the  point  of 
ai5fer*r.K.n- 

Ir.  c-rder  to  verify  the  isochronism  of  small  oscillations,  it  is  merely  necessary 
^''/-ir*!  the  number  of  oscillations  made  in  equal  times,  as  the  amplitudes  of 
■iti*  '--dilations  diminish  from  3  degrees  to  a  fraction  of  a  degree ;  this 
tsnber  :*  f«»und  to  be  constant. 

T>a:  the  time  of  vibration  is  proportional  to  the  square  root  of  the  length 
^  ''.r;~*rd  by  causing  pendulums,  whose  lengths  are  as  the  numbers  I,  4, 
a  ....  V'  o>cillate  simultaneously.  The  corresponding  numbers  of  oscil- 
ati  r.i  ir.  a  given  lime  are  then  found  to  be  proportional  to  the  fractions  i. 
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4f  f,  &a,  •  .  .  .  which  shows  that  the  times  of  oscillation  incFei 

numbers  i,  2,  3,  .  .  .  ,  &c,  | 

By  taking  sc\*cral  pendulums  of  exactly  equal  length,  B,  C,  II 

but  with  spheres  of  ditlerent  substanl 

0^  copper,  ivory— it  is  found  that,  negU 

i^^^^^^t^  resistance  of  the  air,  these  pendulum 

^m^\  '  in  equal  times,  thereby  showing  that' 

Icrative  eflfect  of  gravity  on   all 

same  at  the  same  place. 

By  means  of  an  arrangement  res 
above,  Newton  verified  the  fact  that 
of  bodies  are  detcnnined  by  the  baJanI 
it  will  be  remarked,  lies  at  the  foul 
the  measure  of  force  (38 )»  For  it  wl 
on  comparing  (54)  and  {55)  with  (40 
law  of  the  time  of  a  small  oscillation  u 
on  the  supposition  that  the  force  of  j 
all  bodies  is  represented  by  M^,  in  wj 
determined  by  the  balance.  In  ordq 
this,  he  had  made  two  round  eqiui 
boxes ;  he  filled  one  with  wood,  and 
as  possible  in  the  centre  of  oscillat^ 
other  he  placed  un  equal  weight  of  | 
then  suspended  the  boxes  by  threat 
^^^i  long,  so  that  they  fonncd  pcndultil 
equal  so  far  as  weight,  figure^  and  rci 
the  air  were  concerned.  Their  oscillaf 
performed  in  exactly  the  same  time,  | 
results  wcrrc  obtained  when  oUier  i 
were  used,  such  as  silver,  lead,  glass,  sand,  salt,  wood,  water,  comj 
these  bodies  had  equal  weights,  and  if  the  inference,  that  therefocif 
equal  masses,  had  been  erroneous,  by  so  much  as  the  one-thousi 
of  the  whole,  the  experiment  would  have  delected  it.  1 

81*  Ap^liemtloD  of  111 e  p«Biliiliuii  to  Cloeks. — The  regulAlt 
motion  of  clocks  is  effected  by  means  of  pendulums,  that  of  m 
balance-springs.  Pendulums  were  first  applied  to  this  purpose  by  | 
in  165S,  and  in  the  same  year  Hooke  applied  a  spiral  spring  to  d 
of  a  watch.  The  manner  of  employing  the  {lendulum  is  shov^D 
The  pendulum  rod  passing  between  the  prongs  of  a  fork  a  commi^ 
motion  to  a  rod  h^  which  oscillates  on  a  horizontal  axis  o.  To  \ 
fixed  a  piece  ww,  called  an  esatptment  or  crutch^  tenninatcd  by  t^ 
lions  or  fialifts^  which  work  alternately  with  the  teeth  of  the  i 
w/uti  k.  This  wheel  being  acted  on  by  the  weight  tends  to  ( 
tinuously,  let  us  say,  in  the  direction  indicated  by  the  arrow-heaf 
the  pendulum  is  at  rest,  the  wheel  is  held  at  rest  by  the  pallet  m^  | 
the  whole  of  the  clcxJcwork  and  the  weight.  If,  however,  the 
moves  and  takes  the  position  shown  by  the  dotted  line,  iw  is  | 
wheel  escapes  from  the  continerncnt  in  which  it  was  held  b>*  the 
i«reight  descends,  and  causes  the  wheel  to  turn  until  its  motion  U  | 


Fig.  J*. 
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die  odltr  paQet  n  \  which,  in  consequence  of  the  motion  of  the  pendulum, 
«il  be  btoui^t  into  contact  with  another  tooth  of  the  escapement  wheel.  In 
ilii  mifmcr  the  descent  of  the  weight  ts  alternately  permitted  and  arrested 
— oi;  m  m.  irord,  regulated— h^  the  pendulum.  By 
WBmm  of  m  proper  train  of  wheelwork  the  motion  of 
tftr  escapement  is  communicated  to  the  hands  of  the 
^Kk  ;  and  consequently  tlieir  motion,  also,  is  regu* 
by  the  penduJum. 
The  pcuJuIum  has  also  been  used  for  measuring 
irekKities.  A  large  wooden  box  filled  with  sand 
weiglsisig  from  3  to  5  tons  is  coated  with  iron ; 
tliis  arrangement^  which  is  known  as  a  ballistic 
y  a  shot  is  fired,  and  the  deflection  thereby 
IS  observed.  From  the  laws  of  the  impact 
tf  indaatic  bodies,  and  from  those  of  the  pendulum, 
te  tvlocity  of  the   ball  may  be  calculated  from  the 

Tlir  jTOTi  '  be  fastened  to  a  pendulum  ar- 

whcn  hred^  the  reaction  causes  an 
i  rum  which  the  pressure  of  the  enclosed 
deduced,  and  ihcrefinom  the  initial  velocity 

iz,  OMBSca  wblcti  modiiy  tbe  Intensity  of 
^nraattlnl  smvUatliin. — The  intensity  of  the  force 
ti^przvtry  ih^t  is,  the  value  of  jf— is  not  the  same  in 
A  patfts  cif  the  earth.  It  U  modified  by  several  causes, 
^^bM[h  the  form  of  the  earth  and  its  rotation  are  the 
"^  "  *i:iartant- 

■r,rL  attiaaion  which  the  earth  exerts  upon  a 
^BKk  a:  it>  surface  is  the  sum  of  the  partial  attractions 
•^c^  tskLh  pan  of  the  earth  exerts  upon  that  body, 
mi  t%^  re:»ti]tant  of  all  these  attractions  may  be  considered  to  act  from  a 
m^  ptnm — the  centre.  Hence,  if  the  earth  were  a  perfect  sphere,  a  given 
Mr  •tiakl  be  equally  attracted  at  any  part  of  the  earth^s  surface*  The 
^ti_ftAi  would,  hoiix\-er,  vary  with  the  height  above  the  smface.  For  small 
teasioias  of  le\  cl  the  differences  would  be  inappreciable  ;  but  for  greater 
iefiu  a2id  in  accurate  measurements  observations  of  the  value  of  g  must 
lesolBQed  tu  the  sca-leveL  The  attraction  of  gravitation  being  inversely 
A  6te    tqoane    uf    the    distance    from  the  centre    (66)   we    shall    have 

'  i>«  •  >ff  '  i"i  ^^^^  S  '5  *^*^  value  of  the  acceleration  of  gravity  at 

iiKa%,ii^  ji  ^  it%  value  at  any  height  A,  and  R  is  the  radius  of  the  earth. 

dn,  teeing  that  h  is  very  small  compared  with  R,  and  that  therefore 

fO^  be  neglected^  we   get  by  simple   algebraical  transformation 

E»ca  at  the  sea-le\^l  the  force  of  gravity  %^es  in  different  parts  in 
of  the  forin  of  the  earth.    The  earth  is  not  a  true  sphere,  but 
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an  ellipsoid,  the  major  axis  of  which  is  12,754,796  metres,  and  the  minor 
12,712,160  metres.  The  distance,  therefore,  at  the  centre  being  greater  at 
the  Equator  than  at  the  Poles,  and  as  the  attraction  on  a  body  is  inversely 
as  the  square  of  these  distances,  calculation  shows  that  the  attraction  due  to 
this  cause  is  gjg  greater  at  the  Poles  than  at  the  Equator.  This  is  what 
would  be  true  if,  other  things  being  the  same,  the  earth  were  at  rest. 

ii.  In  consequence  of  the  earth's  rotation,  the  force  of  gravity  is  further 
modified.  If  we  imagine  a  body  relatively  at  rest  on  the  Equator,  it  really 
shares  the  earth's  rotation,  and  describes,  in  the  course  of  one  day,  a  circle 
whose  centre  and  radius  are  the  centre  and  radius  of  the  earth.  Now,  since 
a  body  in  motion  tends  by  reason  of  its  inertia  to  move  in  a  straight  line,  h 
follows  that  to  make  it  move  in  a  circle,  a  force  must  be  employed  at  each 
instant  to  deflect  it  from  the  tangent  (53).  Consequently,  a  certain  portion 
of  the  earth's  attraction  must  be  employed  in  keeping  the  above  body  on  the 
surface  of  the  earth,  and  only  the  remainder  is  sensible  as  weight  or  4uceU* 
rating  force.  It  appears  from  calculation  that  at  the  Equator  the  g|^th  part 
of  the  earth's  attraction  on  any  body  is  thus  employed,  so  that  the  magnitude 
of  g  at  the  Equator  is  less  by  the  jjpth  part  of  what  it  would  be  were  the 
earth  at  rest. 

iii.  As  the  body  goes  nearer  the  Poles  the  force  of  gravity  is  less  and  lest 
diminished  by  the  effect  of  centrifugal  force.  For  in  any  given  latitude  it 
will  describe  a  circle  coinciding  with  the  parallel  of  latitude  in  which  it  b 
placed  ;  but  as  the  radii  of  these  circles  diminish, 
so  does  the  centrifugal  force  until  the  Pole,  where 
the  radius  is  null.  Further,  on  the  Equator  the 
centrifugal  force  is  directly  opposed  to  gravitation  ; 
in  any  other  latitude  only  a  component  of  the  whole 
force  is  thus  employed.  This  is  seen  in  fig.  5H,  m 
which  PP'  represents  the  axis  of  rotation  of  the 
earth,  and  E£'  the  Equator.  At  any  given  point 
E  on  the  Equator  the  centrifugal  force  is  directed 
along  CE,  and  acts  wholly  in  diminishing  the 
intensity  of  gravitation  ;  but  on  any  other  point,  «, 
nearer  the  Pole,  the  centrifugal  force  acting  on  a 
right  line  ab  at  right  angles  to  the  axis  PP',  while  gravity  acts  along  tfC, 
gravity  is  no  longer  directly  diminished  by  centrifugal  force,  but  only  by  its 
component  a  d^  which  is  less  the  nearer  a  is  to  the  Pole. 

The  combined  effect  of  these  two  causes— the  flattening  of  the  earth  at 
the  Poles,  and  the  centrifugal  force — is  to  make  the  attraction  of  graNitation 
at  the  Equator  less  by  about  the  yy^^nd  part  of  its  value  at  the  Poles. 
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CHAPTER   III. 

MOLECULAR  FORCES. 

S3.  WmMmM%  of  molaeular  forces. — The  various  phenomena  which  bodies 
present  show  that  their  molecules  are  under  the  influence  of  two  contrary 
ibrces,  one  of  which  tends  to  bring  them  together,  and  the  other  to  separate 
tbcm  from  each  other.  The  first  force,  which  is  called  molecular  attraction^ 
varies  in  one  and  the  same  body  with  the  distance  only.  The  second  force 
is  doe  to  the  vis  viva^  or  moving  force,  which  the  molecules  possess.  It  is 
t&e  mutual  relation  between  these  forces,  the  preponderance  of  the  one  or  the 
other,  which  determines  the  molecular  state  of  a  body  (4) — whether  it  be 
solid,  liquid,  or  gaseous. 

Molecular  attraction  is  only  exerted  at  infinitely  small  distances.  Its  effect 
15  inappreciable  when  the  distance  between  the  molecules  is  appreciable. 

According  to  the  manner  in  which  it  is  regarded,  molecular  attraction  is 
cei^jnaied  by  the  terms  cohesion^  ajffimty,  or  adhesion. 

&4.  Cobooloii. — Cohesion  is  the  force  which  unites  adjacent  molecules  of 
'.he  same  nature  ;  for  example,  two  molecules  of  water,  or  two  molecules  of 
:^>Q.  Cohesion  is  strongly  exerted  in  solids,  less  strongly  in  liquids,  and 
>circely  at  all  in  gases.  Its  strength  decreases  as  the  temperature  increases, 
•-tciuvc  then  the  vis  viva  of  the  molecules  increases.  Hence  it  is  that  when 
v'.:d  Ixidies  are  heated  they  first  liquefy,  and  are  ultimately  converted  into 
•-«  irascf>us  state,  provided  that  heat  produces  in  them  no  chemical  change. 

Cohesion  varies  not  only  with  the  nature  of  bodies,  but  also  with  the 
i.Tinj;tmeni  of  their  molecules  ;  thus,  the  difiference  between  tempered  and 
Kitmpcrcd  steel  is  due  to  a  difference  in  the  molecular  arrangement  pro- 
•--I'.d  hy  tempering.  Many  of  the  properties  of  bodies,  such  as  tenacity, 
■  ircneis,  and  ductility,  are  due  to  the   modifications  which  this  force  un- 

In  Urge  masses  of  liquids  the  force  of  gravity  overcomes  that  of  cohesion. 
•-''*:  liquids  acted  upon  by  the  former  force  have  no  special  shape  ;  they 
■-■"-•.'-  :h:ii  of  the  vessel  in  which  they  are  contained.  Hut  in  smaller  masses 
*■  >-.'.n  gets  the  upper  hand,  and  liquids  assume  then  the  spheroidal  form. 
T:  >  :s  iten  in  the  drops  of  dew  on  the  leaves  of  plants.  It  is  also  seen  when 
*  -J -id  !!»  placed  on  a  solid  which  it  does  not  moisten  ;  as,  for  example, 
^^''  ur>  upon  wood.  The  experiment  may  also  be  made  with  water,  by 
':'';'.*ici;n;;  upon  the  surface  of  the  wood  some  light  powder,  such  as  lyco- 
><.  jn  nr  lampblack,  and  then  dropping  a  little  water  on  it.  The  following 
'•p^rTient  is  an  illustration  of  the  force  of  cohesion  causing  a  liquid  to  assume 
J.'*^  spheroidal  form-     A  saturated  solution  of  zinc  sulphate  is  placed  in  a 
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narrow-necked  bottle,  and  a  few  drops  of  bisulphide  of  carbon,  coloured  with 
iodine,  made  to  float  on  the  surface.  If  pure  water  be  now  carefully  added, 
so  as  to  rest  on  the  surface  of  the  sulphate  of  zinc  solution,  the  bisulphide 
collects  in  the  form  of  a  flattened  spheroid,  which  presents  the  appearance 
of  blown  coloured  glass,  and  is  larger  than  the  neck  of  the  bottle,  provided 
a  sufficient  quantity  has  been  taken. 

The  force  of  cohesion  of  liquids  may  be  illustrated  and  even  measured  as 
follows.  A  plane,  perfectly  smooth  disc  D  (fig.  59)  is  suspended  horizontally  to 
one  scale-pan  /  of  a  delicate  balance,  and  is  accu- 
rately equipoised.  A  somewhat  wide  vessel  of  liquid 
is  placed  below,  and  the  position  of  the  disc  regulated 
by  means  of  the  sliding  screw  S  until  it  just  touches 
the  liquid.  Weights  are  then  carefully  added  to  the 
other  scale-pan  until  the  disc  is  detached  from  the 
liquid.  I  n  this  way  it  has  been  found  that  the  weights 
required  to  detach  the  disc  vary  with  the  nature  of 
the  liquid  ;  with  a  disc  of  118  mm.  diameter  the 
numbers  for  water,  alcohol,  and  turpentine  were 
59*4,  31,  and  34  gr<immes  respectively. 

The  results  were  the  same  whether  the  disc 
was  of  glass,  of  copper,  or  of  other  metals,  and 
they  thus  only  depend  on  the  nature  of  the  liquid. 
It  is  a  measure  of  the  cohesion  of  the  liquid,  for  a 
layer  remains  adhering  to  the  disc  ;  hence  the 
weight  on  the  other  side  docs  not  separate  the  disc 
from  the  liquid,  but  separates  the  particles  of  liquid 
from  each  other. 

85.  Aflnlty. — Chemical  affinity^  or  chemical  ai" 
traction^  is  the  force  which  is  exerted  between  mole- 
cules not  of  the  same  kind.  Thus,  in  water,  whidi 
is  composed  of  oxygen  and  hydrogen,  it  is  aflfinity 
which  unites  these  elements,  but  it  is  cohesion 
which  binds  together  two  molecules  of  water.  In 
compound  bodies  cohesion  and  affinity  operate 
simultaneously,  while  in  simple  bodies  or  elements  cohesion  has  alone  to  be 
considered. 

To  affinity  are  due  all  the  phenomena  of  combustion,  and  of  chemical 
combination  and  dccomptisition. 

Those  causes  which  tend  to  weaken  cohcs.ion  are  most  favourable  to  affinity; 
for  instance,  the  action  <»f  affinity  between  substances  is  facilitated  by  their 
division,  and  still  more  by  reducing  them  to  a  liquid  or  gaseous  state.  It  is 
most  powerfully  exerted  by  a  budy  in  its  misccnt  state— that  is,  the  state  in 
which  the  Ixuiy  exists  at  the  moment  it  is  disengaged  from  a  compound  ;  the 
botiy  is  then  free  and  ready  to  obey  the  feeblest  affinity.  An  increase  of 
temperature  modifies  affinity  difTerently  under  different  circumstances.  In 
some  cases  by  diminishing  cohesion,  and  increasing  the  distance  between 
the  molecules,  heat  promotes  coinl)ination.  Sulphur  and  oxygen,  which  at 
the  ordinary  tem|)er.iiure  are  withtuit  action  on  each  other,  combine  to  form 
sulphur  dioxide  when  the  temperature  is  raised  :  in  other  cases  heat  tends 
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to  decompose  compounds  by  imparting  to  their  elements  an  unequal  expan- 
sibilit>%  Thus  it  is  that  many  metallic  oxides — as,  for  example,  those  of  silver 
and  mercury— are  decomposed,  by  the  action  of  heat,  into  gas  and  metal. 

86.  AdbagJOD. — The  molecular  attraction  exerted  between  the  surfaces  of 
bodies  in  contact  is  called  adhesion, 

L  Adhesion  takes  place  between  solids.  If  two  leaden  bullets  are  cut 
irith  a  penknife  so  as  to  form  two  equal  and  brightly  polished  surfaces,  and 
the  two  faces  are  pressed  and  turned  against  each  other,  until  they  are  in  the 
dosest  contact,  they  adhere  so  strongly  as  to  require  a  force  of  more  than 
100  grammes  to  separate  them.  The  same  experiment  may  be  made  with 
two  equal  pieces  of  glass  which  are  polished  and  made  perfectly  plane. 
WTien  they  are  pressed  one  against  the  other,  the  adhesion  is  so  powerful 
that  they  cannot  be  separated  without  breaking.  As  the  experiment  succeeds 
it  vacuo^  it  cannot  be  due  to  atmospheric  pressure,  but  must  be  attributed  to 
a  reciprocal  action  between  the  two  surfaces.  The  attraction  also  increases 
as  the  contact  is  prolonged,  and  is  greater  in  proportion  as  the  contact  is 
doser. 

In  the  operation  of  glueing  the  adhesion  is  complete,  for  the  pores  and 
at\ices  of  the  fresh  surfaces  being  filled  with  liquid  glue,  so  that  there  is  no 
c-npty  space  on  dr>nng,  wood  and  glue  form  one  compact  whole.  In  some 
'li^esthe  adhesion  of  cemented  objects  is  so  powerful  that  the  mass  breaks  more 
readily  at  other  places  than  at  the  cemented  parts.  Both  in  glueing  and 
=:tzicnting  the  layer  should  be  thin. 

Soldering  is  due  to  cohesion  ;  the  surface  of  the  metals  must  be  quite 
clean,  uhich  is  effected  by  removing  the  layer  of  oxide,  with  which  they  are 
:::i:illy  coated,  by  acid  or  by  borax.  The  solder  when  it  solidifies  only 
idhcres  to  clean  metal  surfaces. 

There  is  no  real  difference  between  adhesion  and  cohesion  ;  thus,  when 
t*o  freshly  cut  surfaces  of  caoutchouc  are  pressed  together,  they  adhere  with 
:  asiderable  force,  and  ultimately  form  one  compact  solid  mass. 

;L  Adhesion  also  takes  place  between  solids  and  liquids.  If  we  dip  a  glass 
r'-l  into  water,  on  withdrawing  it  a  drop  will  be  found  to  collect  at  its  lower 
^'"CTnity,  and  remain  suspended  there.  As  the  weight  of  the  drop  tends  to 
i-rUich  :L  there  must  necessarily  be  some  force  superior  to  this  weight  which 
"i.r.Lains  it  there  :  this  force  is  the  force  of  adhesion. 

The  adhesion  between  liquids  and  solids  is  more  powerful  than  that 
***f:-en  s'jlids.  Thus,  if  in  the  above  experiment  a  thin  layer  of  oil  is  inter- 
:•  r'Ti  between  the  plates  they  adhere  firmly,  but  when  pulled  asunder  each 
:■  i*t  is  moistened  by  the  oil,  thus  showing  that  in  separating  the  plates  the 
^  h^sion  of  the  plates  is  overcome,  but  not  the  adhesion  of  the  oil  to  the 
~'i'taL 

In  the  above  case  the  solid  is  wetted  by  the  liquid  ;  that  is,  some  remains 
i-hcrin:;  even  when  the  drop  falls.  But  liquids  adhere  to  solids  even  when 
:-■*>  arc  not  wetted.  Thus  if  a  smooth  glass  plate  be  placed  on  mercury  an 
i^P'tciable  force  is  required  to  detach  it.  Small  drops  of  mercur>',  too, 
ichcrc  to  the  underside  of  a  glass  or  porcelain  plate. 

::L  The  force  of  adhesion  operates,  lastly,  between  solids  and  gases. 
I*'  a  2-!a5s  f  T  metal  plate  be  immersed  in  water,  bubbles  will  be  found  to 
i:pear  on  the  surface.     As  air  cannot  penetrate  into  the  pores  of  the  plate, 
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the  bubbles  could  not  arise  from  the  air  which  had  been  expelled.  It  tt 
solely  due  to  the  layer  of  air  which  covered  the  plate,  and  moistened  it  like 
a  liquid.  In  many  cases  when  gases  are  separated  in  the  nascent  state 
on  the  surface  of  metals — as  in  electrolysis — the  layer  of  gas  which  covers 
the  plate  has  such  a  density  that  it  can  produce  chemical  actions  more  powei^ 
ful  than  those  which  it  can  bring  about  in  the  free  state. 

The  collection  of  dust  on  walls,  writing  and  drawing  with  chalks  and 
pencils,  depend  on  the  adhesion  of  solids.  Yet  these  are  easily  rubbed  out, 
for  the  adhesion  is  only  to  the  surface  layer.  In  writing  with  ink,  and  in 
water-colour  painting,  the  liquid  penetrates  into  the  pores,  taking  the  solid 
>vith  it,  which  is  left  behind  as  the  liquid  evaporates,  and  hence  the  adhesion 
of  such  writing  and  painting  is  far  more  complete. 
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CHAPTER   IV. 

PROPERTIES  PECULIAR  TO  SOLIDS, 

▼ftrloiis  sf^ectal  properties. — After  having  described  the  principal 
Oftscoeimon  to  solids,  liquids^  and  gases,  we  shall  discuss  the  properties 
Iff  to  Sdfkl$»  They  are  elasticity  of  traction^  elasticity  of  torsion,  elas- 
flexure,  tenacity^  ductility^  and  hardfuss. 

Wkmmneitj  of  trftctton* — Elasticity,  as  a  general  property  of  matter, 
«B  Already  mentioned  (17),  but  simply  in  reference  to  the  elasticity 
^  firessure  ;  in  solids  it  may  also  be  called  into  play  by  traction, 
flexure.  The  definitions  there  given  require  some  exten- 
'  life  we  consider 
as  highly  elastic 
OUNltchouc,  undergo 
t  change  on  the  appli- 
l«f  enlf  a  small  force.  Yet 
ice«#dbi9tidty  is  greatest  in 
^  Intiu,  such  as  iron,  which 
tmtm  bc»  be  %xry  elastic.  For 
^^Hm$U€i4y  is  understood 
faaintli  vluch  the  displaced 
idtt  laid  to  re\*cTt  to  their 
f fOOlickn,  and  which  force  is 
t  which  has  brought 
Considered  from 
r,  gases  have  the 
eiasticit)*^ ;  that  of 
ably  greater,  and 
rthan  that  of  many 
''tins  Jhc  force  of  elasticity 
|KJi  greater  than  that  of 
^^^■isav  wood,  and  stone. 
^^^^  less  than  that  of  the 
^bU,  with  the  exception  of 

bne«n*  discc»rdam  with  or- 
IT  idos  about  elasticity  ;  but 
•  la  f^aembercd  that  those 
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by  the  exertion  of  a  small  force,  undergo  a  considerable 

Uy  have  also  the  property  of  undtTgoing  this  change  without 

» pfuperty  of  reverting  completely  to  their  original  slate.     They 
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have  a  wide  limit  ofelctsticity  '17].  Those  bodies  which  require  great  force 
to  eflfea  a  change  are  also,  for  the  most  part,  those  on  which  the  exertion 
of  a  force  produces  a  permanent  alteration  ;  when  the  force  is  no  longer 
exerted,  they  do  not  completely  revert  to  their  original  state. 

In  order  to  study  the  laws  of  the  elasticity-  of  traction,  Savart  used  the 
apparatus  represented  in  fig.  60.  It  consists  of  a  wooden  support  from  which 
are  suspended  the  rods  or  wires  taken  for  experiment.  At  the  lower  ex- 
tremity there  is  a  scale-pan,  and  on  the  wire  two  points,  A  and  B,  are  marked, 
the  distance  between  which  is  measured  by  means  of  the  catketonuter  before 
the  weights  arc  added. 

The  cathetometer  consists  of  a  strong  upright  brass  support,  K,  divided 
into  millimetres,  and  which  can  be  adjusted  in  an  exactly  vertical  position 
by  means  of  levelling  screws  and  the  plumb-line.  A  small  telescope,  exactly 
at  right  angles  to  the  scale,  can  be  moved  up  and  down,  and  is  provided  with 
a  vernier  which  measures  fiftieths  of  a  millimetre.  By  adjusting  the  telescope 
successively  on  the  two  points  A  and  B,  as  represented  in  the  figure,  the 
distance  between  these  points  is  obtained  on  the  graduated  scale.  Placing, 
then,  weights  in  the  pan,  and  measuring  again  the  distance  from  A  to  B,  the 
elongation  is  obtained. 

By  experiments  of  this  kind  it  has  been  ascertained  that  for  elasticity  of 
traction  or  pressure — 

The  alteration  in  length  within  the  limits  of  elasticity  is  in^oportion  to  the 
length  and  to  the  load  acting  on  the  body^  and  is  inversely  as  the  cross  section. 

It  depends,  moreover,  on  the  speqfic  elasticity ;  that  is,  on  a  special 
property  of  the  material  of  the  body.  If  this  coefficient  be  denoted  b>' E, 
and  if  the  length,  cross  section,  and  load  are  respectively  designated  by  /,  /, 
and  P,  then  for  the  alteration  in  length,  ^,  we  have 

s 

If  in  the  above  expression  the  sectional  area  be  a  square  millimetre,  and 
P  be  one  kilogramme,  then 

e  -  E/,  from  which  E  -  ^> 

which  expresses  by  what  fraction  the  length  of  a  bar  a  square  millimetre  in 
section  is  altered  by  a  load  of  a  kilogramme.  This  is  called  the  coefficient  of 
elasticity  ;  it  is  a  ver>'  small  fraction,  and  it  is  therefore  desirable  to  use  its 

reciprocal,  that  is  -  or  /x,  as   the   modulus  of  elasticity ;    or  the  weight  in 

c 
kilogrammes  which  applied  to  a  bar  would  elongate  it  by  its  own  length, 
assuming  it  to  be  perfectly  elastic.  This  coefficient  is  knowTi  as  Youngs 
modulus.  This  cannot  be  obseneJ,  for  no  body  is  perfectly  clastic,  but  it 
may  be  calculated  from  any  accurate  obscr\ations  by  means  of  the  above 
frirmula. 

The  following  are  the  best  values  for  some  of  the  principal  substances  :— 

Steel  ....  21,000  Slate.         .         .         .  11,035 

\Vri»u;,'ht   Iron    .  19,000  Brass.         .  9,000 

IMatinum    .  17,044  Zinc    ....  8,700 

^.'opjier       .                 .  12,400  Silver.                  .         .  7,400 
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PiMeGliss 

RodcSa]t  , 

Marble 

Lead 


7,015 

Wood 

r,ioo 

4,230 

Whalebone 

700 

2,609 

Gypsum 

400 

r,8oo 

Sandstone  . 

631 

t|6jS 

Ice     .         .         , 

.         236 

ft 


TluB,  to  double  the  length  of  a  wroughl^iron  wire  a  square  millimetre  in 
tMtioii,  wiMild  (if  these  were  possible)  require  a  weight  of  19,000  kilogrammes ; 
lot  a  wrigbt  of  1 5  kilogrammes  produces  a  permanent  alteration  in  length 
^TTiT*^  and  this  is  the  limit  of  elasticity.  The  weight,  which  when  applied 
liabodjf  of  tmtt  section^  just  brings  about  an  appreciable  permanent  change, 
fil  «  measitre  of  the  limit  of  elasticity.  Whalebone  has  only  a  modulus  of 
Tag^  and  experiences  a  permanent  elongation  by  a 
•t^gltt  of  $  ki)o)(ramme3 ;  its  limit  is^  therefore,  rela- 
ivtif  givftter  than  that  of  iron.  Steel  has  a  high 
wmkka^  aloing  with  a  wide  limit* 

TOi  longitudinal  stretching  is  accompanied  by  a 
coaCnbctiao,,  and  the  ratio  of  the  contraction  to 
tl»  |W]»rdoiuU  stretching  is  known  as  Poissof^s  coeffi- 
4»mL  It  was  taken  by  him  to  be  ^,  but  later  expert- 
asu  iHire  Iband  the  ratio  to  be  about  ^. 

Botb  ^caktion  and  experiment  show  that  when 
hwUri  are  lengthened  by  traction  their  volume   in- 

Wben  weights  are  placed  on  a  bar,  the  amount  by 
^ydi  tl  it  shortened,  or  the  coefficient  of  contraction^ 
n  tqnl  to  the  elongation  which  it  would  experience  if 
IIk  woe  weights  were  suspended  to  it,  and  is  repre- 
iMad  by  the  above  numbers. 

Tbe  infiucncc  of  temperature  on  the  elasticity  of 
in^Goppcr*  and  brass  was  investigated  by  Kohlrausch 
ni  LoofiiJS.  They  found  that  the  alteration  in  the 
of  elasticity  by  heat  is  the  same  as  that 
t  produces  in  tlie  coefficient  of  expansion 
In  the  ndfractive  power  ;  it  is  also  much  the  same 
tn  the  permanent  magnetism,  and  in  the 
^asaSLf  white  tt  is  less  than  the  alteration  in  the 
city. 
Ainnapj  may  be  mentioned  Jolly's  j/J/rif^ 

This  consists  of  a  long  steel  wire  ah^  wotmd 
ftimi  of  a  spiral,  which  is  suspended  in  front^of 
tly  graduated  scale.  To  the  lower  end  of 
\  ipiral  two  scale  pans,  c  and  d^  arc  hung  b>  athread, 
one^  d^  dipping  in  a  small  vessel  of  water  on 
b#d|ystnble  support.  The  instrument  is  graduated  empirically  by  obser\'ing 
leni  of  the  mark  m  is  produced  by  putting  a  Icnown  weight  in 
:  iafe-|ian  d.  Knowing  then  once  for  all  the  constant  of  the  instrunient, 
kii«»}r  to  dctcrmtne  the  vi  eight  of  a  body  by  reading  the  displacement  which 
t  pntes  akflte  the  scale. 
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Fig.  62. 


89.  BUtstieliy  of  torsloB. — The  laws  of  the  torsion  of  wires  were  deter- 
mined by  Coulomb,  by  means  of  an  apparatus  called  the  torsiim  Indance 

(fig.  62).    It  consists  essentially  of  a  metal  wire, 
jl  clamped  at  one  end  in  a  support,  A,  and  hold- 

^  ^^3  ing  at  the  other  a  metal  sphere,  B,  to  which 

^^tTwk  is  affixed'  an   index,   C.      Immediately  below 

•^^Jl  this  there  is  a  graduated  circle,  CD.     If  the 

^1  needle  is  turned  from  its  position  of  equilibrium 

I        M  through  a  certain  angle,  which  is  the  angU 

CP  of  torsion^  the  force  necessary  to  produce  this 

i  effect  is  the  force  of  torsion.    When,  after  this 

deflection,  the  sphere  is  left  to  itself,  the  reac« 
tion  of  torsion  produces  its  effect,  the  wire  un- 
twists itself,  and  the  sphere  rotates  about  its 
vertical  axis  with  increasing  rapidity  until  it 
i  reaches  its  position  of  equilibrium.   It  does  noc^ 

however,  rest  there ;  in  virtue  of  its  inertia  it 
passes  this  position,  and  the  wire  undergoes  a 
torsion  in  the  opposite  direction.    The  equili- 
brium being  again  destroyed,  the  wire  again  tends 
to  untwist  itself,  the  same  alterations  are  again 
produced,  and  the  needle  does  not  rest  at  teio 
of  the  scale  until  after  a  certain  number  of  oscil- 
lations about  this  point  have  been  completed. 
By  means  of  this  apparatus  Coulomb  found  that  when  the  amplitude  of 
the  oscillations  is  within  certain  limits,  the  oscillations  are  subject  to  the 
following  laws : 

I.  The  oscillations  are  very  nearly  isochronous, 

I I.  For  the  same  wire^  the  angle  of  torsion  is  proportional  to  the  nunmmi 
of  the  force  of  torsion, 

III.  With  the  same  force  of  torsion^  and  with  wires  of  the  same  diasmeHr^ 
the  angles  of  torsion  are  proportional  to  the  lengths  of  the  wires, 

IV.  The  same  force  of  torsion  being  applied  to  wires  of  the  same  lengA, 
the  angles  of  torsion  are  inversely  proportional  to  the  fourth  powers  of  Mr 
diameters. 

Wertheim  examined  the  elasticity  of  torsion  in  the  case  of  stout  rods 
by  means  of  a  different  apparatus,  and  found  that  it  is  also  subject  to  these 
laws.  He  further  found  that,  all  dimensions  being  the  same,  different  sub- 
stances undergo  different  degrees  of  torsion  for  the  same  force,  and  each 

substance  has  its  own  coefficient  of  torsion,  which  is  usually  denoted  by  « 

or  by  r.    The  value  of  this  coefficient  is  about  \  that  of  the  modulus  of 
elasticity. 

I   F/ 

The  laws  of  torsion  may  be  enunciated  in  the  formula  w  =  ^  --;  in 

T   r* 

which  w  is  the  angle  of  torsion,  F  the  moment  of  the  force  of  torsion,  /  the 
length  of  the  wire,  r  its  radius,  and       the  specific  torsion-coefficient. 

As  the  angle  of  torsion  is  inversely  proportional  to  the  fourth  power  of 
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,  fods  of  some  thickness  require  very^  great  force  to  produce  even 
With  ver>*  small  diameters,  such  as  those  of  a  cocoon  or  glass 
ihr  propcwtionaJity  between  the  angle  of  torsion  and  the  twisting 
\aKt  Imidi  evtm  for  several  complete  turns. 

oa  WHmmMlXf  of  flemure*  —A  solid,  when  cut  into  a  rod  or  thin  plate, 

«i  fixed  WX  poe  end,  after  haxnng  been  more  or  less  bent,  strives  to  return 

m  ifci  ndg^ioal  position  when  left  to  itself.     This  property-  is  known  as  the 

dt^t^fy^JUxure^  and  isVery  distinct  in  steel,  caoutchouc,  wood,  and  paper. 

ff  a  r^A3Ui£ular  bar  A  B  be  clamped  at  one  end  and  loaded  at  the  other 

lad  bf  AW^gllt  W  (fig.  63),  a  flexure  will  be  produced  which  may  be  observed 

)  Iff  lie  catlietoixietcr.    The  amount  of  this  flexure  e  is  represented  by  the 


^» 


P  is  the  Inad,  /the  length  of  the  bar,  t  its  breadth,  k  its  depth  or 

,  all  in  mm.,  and  ^  the  modulus  of  elasticity. 
Itdie  section  of  the  bar  is  a  circle  of  radius  r,  then 

_k  n  dear  that  nn  accnratc  measurement  of  the  flexure  of  a  bar  furnishes 
fr<lCde^  Its  modulus  of  elasticity. 

eiastjc  vurc  is  applied  in  a  vast  variety  of  instances — for 

f  to  bomn,  watch-springs,  carriage-springs ;  in  spring  balances  it  is 
1  «iiMiefrnniQe  weights, 
[•  ftnimininHefs  to  de* 
e  the  force  of  agiMi  t  s 
[iTers:and,asa 
rfll«tM)]«  hair,  and 
is  apf>]i<ed  to   ^_ 
les  in  coshions 


*««  <h. 


bethekind  A      •^^  — 

there  iXf  as 

tdy  said«  a 

^     ..;ai  b,  there 

iiflnr  disj^ace- 

WytMwt      which 

I  in  hrokem^  or  nt 

t  do  not  reg»'T  i:miitivc  form.     This  limit  is  affected  by 

tmmem.     The  ».  f  many  metals  is  increased  by  hardtning^ 

hf  coki,  by  me;itii.  of  Uie  draw-plate,  hy  rolling,  or  by  hammering. 

sofcKtanrrs*  5tifrh  as  <{*^\  cast  iron,  and  glass,  become  both  harder 

■'\\ 

CbV'  is  diminished  by  annealings  which  consists 

\  the  b€)dy  to  a  temperature  lower  than  that  necessary  for  tempering, 

;rf  to  cool  sloi^'ly.     h   is  by  this  means  that  the  elasticity  of 

r  be  regulated  at  pleasure.    Glass,  when  it  is  heated,  undeqi^oes 

G 


82  Gravitation  and  Molecular  Attraction,  [90- 

a  true  tempering  in  being  rapidly  cooled,  and  hence,  in  order  to  lessen  the 
fragility  of  glass  objects,  they  are  reheated  in  a  furnace,  and  are  carefuUf 
allowed  to  cool  slowly,  so  that  the  particles  have  time  to  assume  their  most 
stable  position  (94). 

91.  Tenacity. — Tenacity  is  the  resistance  which  a  body  opposes  to  the 
total  separation  of  its  parts.  According  to  the  manner  in  which  the  external 
force  acts,  we  may  have  various  kinds  of  tenacity  :  tetuicity  in  the  ordinary 
sense,  or  resistance  to  traction  ;  relative  tenacity,  or  resistance  to  fracture ; 
reactive  tenacity,  or  resistance  to  crushing  ;  sheering  tenacity,  or  resistance 
to  displacement  of  particles  in  a  lateral  direction  ;  and  torsional  tenacity,  or 
resistance  to  twisting.  Ordinar>'  tenacity  is  determined  in  different  bodieft 
by  forming  them  into  cylindrical  or  prismatic  wires,  and  ascertaining  the 
weight  necessary  to  break  them. 

Mere  increase  in  length  does  not  influence  the  breaking  weight,  for  the^ 
weight  acts  in  the  direction  of  the  length,  and  stretches  all  parts  as  if  it  had^ 
been  directly  applied  to  them. 

Tenacity  is  directly  proportional  to  the  breaking  weighty  and  inversdp^ 
proportional  to  the  area  of  a  transverse  section  of  the  wire. 

Tenacity  diminishes  with  the  duration  of  the  traction.  A  small  fofCj^ 
continuously  applied  for  a  long  time  will  often  break  a  wire,  which  would  aoc 
at  once  be  broken  by  a  larger  weight. 

In  many  bodies  such  as  metals,  and  more  especially  in  organic  substance^ 
some  time  often  elapses  before  the  full  effect  of  a  change  is  produced  by  a 
force  ;  and  also  before  the  body  reverts  to  its  original  state  after  the  fbrOB. 
has  ceased  to  act.     This  is  known  as  elastic  after-action. 

Not  only  docs  tenacity  var)'  with  different  substances,  but  it  also  wiflf 
with  the  form  of  the  body.  Thus,  with  the  same  sectional  area,  a  c}'lindcr 
has  greater  tenacity  than  a  prism.  The  quantity  of  matter  being  the  saM^ 
a  hollow  cylinder  has  greater  tenacity  than  a  solid  one  ;  and  the  tenacity  flf 
this  hollow  cylinder  is  greatest  when  the  external  radius  is  to  the  interait 
one  in  the  ratio  of  1 1  to  5.  The  shai>e  has  also  the  same  influence  on  tk 
resistance  to  crushing  as  it  has  on  the  resistance  to  traction.  A  hoflov 
cylinder  with  the  same  mass,  and  the  same  weight,  offers  a  greater  resistanoe 
than  a  solid  cylinder.  Thus  it  is  that  the  bones  of  animals,  the  feathers  rf 
birds,  the  stems  of  com  and  other  plants,  offer  greater  resistance  thanifttef 
were  solid,  the  mass  remaining  the  same. 

Tenacity,  like  elasticity,  is  different  in  different  directions  in  bodies.  Il 
wood,  for  example,  both  the  tenacity  and  the  elasticity  are  greater  in  tht 
direction  of  the  fibres  than  in  a  transverse  direction.  And  this  diflferefiOe 
obtains  in  general  in  all  bodies,  the  texture  of  which  is  not  the  same  in  ll 
directions. 

Wires  by  being  worked  acquire  greater  tenacity  on  the  surface,  and  h»« 
therefore  a  higher  cocfHcicnt,  than  even  somewhat  thicker  rods  of  the  stftt 
material  ;  and  acci>rding  to  some  physicists,  solids  have  a  surface  tensioi 
iinalogous  to  the  surface  tension  of  liquids  (136).  A  strand  of  wires  is  stroQgV 
than  a  rod  whose  section  is  equal  to  the  sum  of  the  sections  of  the  \i*ires. 

Wertheim  found  the  following  numbers  representing  the  weight  in  kib» 
grammes  for  the  limit  of  ekistif  ity,  and  for  the  tenacity'  of  wires,  imilL  i» 
diameter. 
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Lead. 


Tin 


Silver 


Copj)er 
Platinum 


Iron 


Steel. 


Cast  Steel . 


j  dra\m 
(  annealed 
I  drau-n 
I  annealed 
J  drawn 
I  annealed 
i  drawn 
I  annealed 

{drawn 
annealed 
J  drawn 
I  annealed 
j  drawn 
(  annealed 
j  drawn 
(  annealed 


Limit  of  Elasticity. 

Kilogrammes 

025 

0-20 

0-45 

0-20 

11-25 

.        275 

1200 

.         300 

26*00 

.       14-50 

•  32-5 
.         50 

.      42-5 
.      150 

.     55-6 

•  SO 


Tenacity. 
Kilogrammes 

2-07 

I  80 

2-45 
170 
2900 
16-02 
4030 
30-54 
3410 
2350 
61-10 
46-88 
70-00 
40-00 
8000 
6575 


The  table  shows  that  of  all  metals  cast  steel  has  the  greatest  tenacity. 
V«  it  is  exceeded  by  fibres  of  unspun  silk,  a  thread  of  which  i  square  milli- 
TJtre  in  section  can  carr>'  a  load  of  500  kilogrammes.  Single  fibres  of  cotton 
ua  suppon  a  weight  of  100  to  300  grammes  ;  that  is,  millions  of  times  their 
f<T»ei;;hL 

In  this  tabic  the  bodies  are  supposed  to  be  at  the  ordinar>*  temperature. 
A:  ni^'hcr  temperatures  the  tenacity  rapidly  decreases.  Seguin  made  some 
ttpcrimenls  on  this  point  with  iron  and  copper,  and  obtained  the  following 
nlae>  for  the  tenacity,  in  kilogrammes,  of  millimetre  wire  at  different  tem- 
peratures : — 

Iron         .        .  at  10°,  60  ;  at  370®,  54  ;  at  500°,  37  ; 
Copper   .        .      ,,       21  ;        „        77  ;      »        o- 

'>2.  iHiettllty. — Ductility  is  the  property  in  virtue  of  which  a  great  num- 
ber of  bodies  change  their  forms  by  the  action  of  traction  or  pressure. 

With  certain  bodies,  such  as  clay,  wax,  &c.,  the  application  of  a  ver)' 
Ittif  force  is  sufficient  to  produce  a  change  ;  with  others,  such  as  the  resins 
tii  ^'lass,  the  aid  of  heat  is  needed,  while  with  the  metals  more  powerful 
K^,\h  must  be  used,  such  as  percussion,  the  draw-plate,  or  the  rolling-mill. 

yfaJUabitity  is  that  modification  of  ductilit>'  which  is  exhibited  by  ham- 
TiTji'^.  The  most  malleable  metal  is  gold,  which  has  been  beaten  into 
>arc5  about  the  j<,o^„r,o^h  ^^  ^"  »"ch  thick. 

The  most  ductile  metal  is  platinum.  Wollaston  obtained  a  wire  of  it 
<^«oo3  of  an  inch  in  diameter.  This  he  effected  by  covering  with  silver  a 
?lat:num  wire  O'Oi  of  an  inch  in  diameter,  so  as  to  obtain  a  cylinder  0*2  inch 
D  dameter  only,  the  axis  of  which  was  of  platinum.  This  was  then  drawn 
oat  in  the  form  of  wire  as  fine  as  possible  ;  the  two  metals  were  equally  ex- 
*je&dtd.  When  this  wire  was  afterwards  boiled  with  dilute  nitric  acid  the 
Mlver  »-as  dissolved,  and  the  platinum  wire  left  intact.  The  wire  was  so  fine 
•^  a  mile  of  it  would  have  only  weighed  1*25  of  a  grain. 
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93.  KardnesM. — Hardness  is  the  resistance  which  bodies  offer  to  being 
scratched  or  worn  by  others.  It  is  only  a  relative  property,  for  a  body  which 
is  hard  in  reference  to  one  body  may  be  soft  in  reference  to  others.  The  re- 
lative hardness  of  two  bodies  is  ascertained  by  trynng  which  of  them  will 
scratch  the  other.  Diamond  is  the  hardest  of  all  bodies,  for  it  scratches  all, 
and  is  not  scratched  by  any.  The  hardness  of  a  body  is  expressed  by  re- 
ferring it  to  a  scale  of  hardness  :  that  usually  adopted  is — 

1.  Talc  5.  Apatite  8.  Topaz 

2.  Rock  salt  6.  Felspar  9.  Corundum 

3.  Calcspar  7.  Quartz  10.  Diamond 

4.  Fluorspar 

Thus,  the  hardness  of  a  body  which  would  scratch  felspar,  but  would  be 
scratched  by  quartz,  would  be  expressed  by  the  number  6*5. 

The  pure  metals  are  softer  than  their  alloys.  Hence  it  is  that,  for  jewel- 
lery and  coinage,  gold  and  silver  are  alloyed  with  copper  to  increase  their 
hardness. 

The  hardness  of  a  body  has  no  relation  to  its  resistance  to  compression* 
Glass  and  diamond  are  much  harder  than  wood,  but  the  latter  offers  far 
greater  resistance  to  the  blow  of  a  hammer.  Hard  bodies  are  often  used 
for  polishing  powders ;  for  example,  emery,  pumice,  and  tripoli.  Diamond, 
being  the  hardest  of  all  bodies,  can  only  be  ground  by  means  of  its  own 
powder. 

A  body  which  moves  with  great  velocity  can  cut  into  bodies  which  ape 
harder  than  itself  Thus  a  disc  of  wrought  iron  rotating  with  a  velocity 
of  1 1  metres  in  a  second  was  cut  by  a  steel  graver ;  while  when  it  rotated 
with  a  velocity  of  20  metres,  the  edge  of  the  disc  could  cut  the  graver,  and 
with  a  velocity  of  50  to  100  inetres  it  could  even  cut  into  agate  and  quartz. 

94.  Temper. — By  sudden  cooling  after  they  have  been  raised  to  a  higil 
temperature,  many  bodies,  more  especially  steel,  become  hard  and  brittle. 
By  reheating  and  cooling  slowly,  which  is  called  annealings  hard  and  brittle 
steel  maybe  converted  into  a  soft  flexible  material,  and  in  general  byvaryin|^ 
the  limits  of  temperature  within  which  the  change  takes  place,  almost  anf 
degree  of  elasticity  and  flexibility  may  be  given  to  it  This  operation  m 
called  tempering.  All  cutting  instruments  are  made  of  tempered  steeL 
There  arc,  however,  some  few  bodies  upon  which  tempering  produces  quite 
a  contrary-  effect.  An  alloy  of  one  part  of  tin  and  four  parts  of  copper,  called 
tamtam  metal^  is  ductile  and  malleable  when  rapidly  cooled,  but  hard  and 
brittle  .is  glass  when  c<x)led  slowly. 
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BOOK  IIL 
ON     LIQUIDS. 

CHAPTER  I. 
HYDROSTATICS. 

9>  Vroviaee  of  Kydrostatles. — The  science  of  hydrostatics  treats  of  the 
coodiiions  of  the  equilibrium  of  liquids,  and  of  the  pressures  they  exert, 
vbether  within  their  own  mass  or  on  the  sides  of  the  vessels  in  which  they 
4it  contained. 

V6.  C^neral  cliaraotars  of  liquids. — It  has  been  already  seen  (4)  that 
Ujaidb  are  bodies  whose  molecules  are  displaced  by  the  slightest  force. 
Their  Suidity,  however,  is  not  perfect ;  their  particles  always  adhere  slightly 
to  each  other,  and  when  a  thread  of  liquid  moves,  it  attempts  to  drag  the 
^jacent  stationary  particles  with  it,  and  conversely  is  held  back  by  them. 
This  property  is  called  viscosity,  and  bodies  which  possess  this  property  in  a 
igh  de^jree  arc  said  to  be  viscous. 

Ga^cs  also  posbcss  fluidity,  but  in  a  higher  degree  than  liquids.  The 
Cisinaion  between  the  two  forms  of  matter  is  that  liquids  are  almost  incom- 
prtsiible  and  are  comparatively  inexpansible,  while  gases  arc  eminently 
ujcnpre^^ible  and  expand  spontaneously. 

Tnc  fluidity  of  liquids  is  seen  in  the  readiness  with  which  they  take  all 
sOTo  of  bhafxrs.     Their  compressibility  is  established  by  the  following  expe- 

•>7.  ComproftsibUlty  of  liqalds. — From  the  experiment  of  the  Florentine 
•vidtmicians  [13,  liquids  were  for  a  long  time  regarded  as  being  completely 
-:  impressible.  Since  then  researches  have  been  made  on  this  subject  by 
^*r.'r^:,  physicists,  which  have  shown  that  liquids  are  really  compressible. 

The  apparatus  used  for  measuring  the  compressibility  of  liquids  has  been 
^i*e«i  \\nz  piezometer  (n-w'^'ft),  I  compress  ;  fiirpovy  measure).  That  shown  in 
*-  i^  consists  of  a  strong  glass  cylinder,  with  ver)'  thick  sides,  and  an 
■"U.Tri;u  diameter  of  about  3|  inches.  The  base  of  the  cylinder  is  firmly 
■-"^fc'ted  into  a  wooden  foot,  and  on  its  upper  part  is  fitted  a  metal  cylin- 
'•-'  ..,»td  by  a  cap  which  can  be  unscrewed.  In  this  cap  there  is  a  funnel, 
''•  I  •:  iritroducing  water  into  the  cylinder,  and  a  small  barrel  hermetically 
^^5td  by  a  piston,  which  is  moved  by  a  screw,  P. 
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niiityt  'X  -ZA  iznxknzzjt  -l/trt  is  2  ^.^kn  -J^tasei-  A.  oor.tamnig  the 
7  z-Jz0t.  ¥i:»'±  iirui  =>f«T  =scrc=ry.  O.    "Hiis  rzbe  bis  been  pre^-ioiisly 


cnriiit?!  :zr.',  y*^-^  -c  e?!'^  capacir.-,  anc  h  his  becE  OKerrr-inrd  how  many 
'jf  uiiK.e  ;«.-.%  tbt  i^rviti:  A  oy-a— >^  The  laner  i*  asoetaiDed  by  dnding  the 
»ci^ht.  P.  rf  ±ie  :iaKL-:>  which  the  reservoir, 
A.  coctains,  aad  ibe  wcij^h:.  /,  of  the  mercury 
CTjciiaised  in  a  cestafn  n:=2ber  of  dx\-iskmSy  m^ 
of  dae  capiZar>-  tube.  If  N  be  the  nomber  of 
divisions  of  the  sma^  tube  contained  in  the 

X     P 

whole  reservoir,  we  haie  : .  « - .  aom  which  the 

«     / 

^-alce  of  N  is  obcaizied.  There  is  further  a 
mancmeter.  This  is  a  glass  tube,  B,  containing 
air  closed  at  one  end.  and  the  other  end  of 
which  dips  under  mercur>-.  When  there  is  no 
prcssiire  on  the  naier  in  the  olinder,  the  tnbe 
B  is  completely  fall  of  air  :  but  when  the  water 
«-ithin  the  c>-!inder  is  compressed  by  means  of 
the  screw  P,  the  pressure  is  transmitted  to  the 
mercmy,  which  rises  in  the  tube,  compresapg 
the  air  which  it  contains.  .\  graduated  scale 
fixed  on  the  side  of  the  tube  shows  the  reductioB 
of  volume,  and  this  reduction  of  volume  indicates 
the  pressure  exerted  on  the  liquid  in  the  cyliii- 
der,  as  uill  be  seen  in  speaking  of  the  mano- 
meter  184;. 

In  making  the  experiment,  the  vessel  A  is 
filled  with  the  liquid  to  be  compressed,  and  the 
end  dipped  under  the  mercur>*.  By  means  of 
the  funnel  R  the  c>-linder  is  entirely  filled  with 
water.  The  screw  P  being  then  turned  the 
piston  moves  downwards,  and  the  pressure  exerted  upon  the  water  is  trane* 
mittcd  to  the  mercur)-  and  the  air  ;  in  consequence  of  which  the  mercury 
rise?*  in  the  tube  IJ,  and  also  in  the  capillar>*  tube.  The  ascent  of  mercmy 
in  the  capillar>'  tube  shows  that  the  liquid  in  the  vessel  .\  has  diminished  ia 
volume,  and  gives  the  amount  of  its  compression,  for  the  capacity  of  the 
whole  vesMrl  A  in  terms  of  the  graduated  divisions  on  the  capillary*  tube  has 
been  previously  determined. 

In  his  first  cxixriments.  Oersted  assumed  that  the  capacity  of  the  \'essel 
.\  remained  the  same,  its  sides  being  compressed  b<>th  internally  and  ex- 
ternally by  the  licjuid.  Hut  this  capacity  diminishes  in  consequence  of  the 
external  and  internal  pressures.  Colladon  and  Sturm  made  some  experiments 
allowing  for  this  change  of  capacity,  and  found  that  for  a  pressure  equal  to 
that  of  the  atmosphere,  mcrcur>'  experiences  a  compression  of  0*000003  part 
of  its  original  \  olume,  water  a  rompresbion  of  0-00005,  and  ether  a  compression 
of  0000133  part  of  its  original  bulk.  The  compressibility  of  sea  water  is  only 
about  oc:ooo44  :  it  is  not  materially  denser  even  at  great  depths  ;  thus  at 
the  depth  of  a  mile  its  density  would  only  be  about  j^^^th  the  greater.     The 
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compressibility  is  greater  the  higher  the  temperature  ;  thus  that  of  ether  at 
14'  is  one-fourth  greater  than  its  compressibility  at  0°. 

It  appears  from  recent  researches  that  the  compressibility  of  water 
4iiminishes  v^nth  increase  of  temperature  up  to  a  certain  limit,  beyond  which 
it  increases  again.     This  limit  seems  to  be  about  63^  C. 

As  the  pressure  increases,  the  average  compressibility  for  each  atmo- 
^)here  diminishes. 

Whate\'er  be  the  pressure  to  which  a  liquid  has  been  subjected,  experi- 
ment shows  that  as  soon  as  the  pressure  is  removed  the  liquid  regains 
b  original  volume,  from  which  it  is  concluded  that  liquids  are  perfectly 
clastic 

9&  B^wality  of  presnures.  Pascal's  law. — By  considering  liquids  as 
perfectly  fluid,  and  assuming  them  to  be  iminfluenced  by  the  action  of  gravity, 
tfce  following  law  has  been  established.  It  is  often  called  PascoTs  law^  for 
t,  was  first  enunciated  by  hinL 

Pressure  exerted  anywhere  upon  a  tncus  of  liquid  is  troftsmitted  undi- 
wudshed  in  eUl  directions,  and  acts  with  the  same  force  on  cUl  equal  surfaces, 
mi  in  a  direction  at  right  angles  to  those  surfaces. 

To  get  a  clearer  idea  of  the  truth  of  this  principle,  let  us  conceive  a  vessel 
rfany  given  form  in  the  sides  of  which  are  placed  various  cylindrical  aper- 
tures, all  of  the  same  size,  and  closed  by  movable 
pistons.  Let  us,  further,  imagine  this  vessel  to  be 
tUcd  uith  liquid  and  unaffected  by  the  action  of 
jra.ity ;  the  pistons  will,  obviously,  have  no  ten- 
ctr.cy  10  move.  If  now  upon  the  piston  A  (fig. 
^^^^hich  has  a  surface  </,  a  weight  of  P  pounds 
>.  ijktccd,  it  will  be  pressed  inwards,  and  the 
prc-Mire  will  be  transmitted  to  the  internal  faces 
•?' tach  of  the  pistons  B,  C,  D,  and  E,  which  will 
*a.:h  be  forced  outwards  by  a  pressure  P,  their 
j^jfacts  being  equal  to  that  of  the  first  piston. 
fc.  e  each  of  the  pistons  undergoes  a  pressure  P, 
sjuai  to  that  on  A,  let  us  suppose  two  of  the  i^xs- 
'^.i  united  so  as  to  constitute  a  surface  2a,  it  will  have  to  support  a  pres- 
K:i  2 P.  .Similarly,  if  the  piston  were  equal  to  3^,  it  would  experience  a 
rt:,>urt  of  3P  ;  and  if  its  area 
*ert  100  or  i^ooo  limes  that  of 
-  ::  'j"^»uld  sustain  a  pressure  of 
:x  '  r  1,000  times  P.  In  other 
•  ord^.  the  pressure  on  any  part 
ci  \hi  internal  walls  of  the 
t^vrl  would  be  proportional  to 
tie  surface. 

The  principle  of  the  equality 
ri  pressure  is  assumed  as  a 
r-r.y  r^uence  of  the  constitution 
of  fiujds.     By  the  following  ex- 

yr.rzitzii  it  can   be    shown   that  pressure  is  transmitted   in  all  directions, 
ai'iiough  it   cannot   be   shown  that  it  is  equally  transmitted.     A  cylinder 


Fig.  65. 


Fig.  66. 
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provided  with  a  piston  is  fitted  into  a  hollow  sphere  (fig.  66),  in 
small  cylindrical  jets  are  placed  perpendicular  to  the  sides.  The 
and  the  cylinder  being  both  filled  with  water,  when  the  piston  is 
the  liquid  spouts  forth  from  all  the  orifices,  and  not  merely  from  tha 
is  opposite  to  the  piston. 

The  reason  why  a  satisfactory  quantitative  experimental  demons 
of  the  principle  of  the  equality  of  pressure  cannot  be  given  is,  tl 
influence  of  the  weight  of  the  liquid  and  of  the  friction  of  the  pistons 
be  eliminated. 

Yet  an  approximate  verification  may  be  effected  by  the  exp< 
represented  in  fig.  67.  Two  cylinders  of  different  diameters  are  join* 
tube  and  filled  with  water.  On  the  surface  of  the  liquid  are  two  pis 
and  Py  which  hermetically  close  the  cylinders,  but  move  without  i 

Let  the  area  of  the  large  pis 
for  instance,  thirty  times  that 
smaller  one.  That  being  assui 
a  weight,  say  of  two  pounds,  be 
upon  the  small  piston ;  this  p 
will  be  transmitted  to  the  wat 
to  the  large  piston,  and  as  thi 
sure  amounts  to  two  pounds  i 
portion  of  its  surface  equcU  to 
the  small  piston^  the  large  piste 
be  exposed  to    an  upward    p 
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thirty  times  as  much,  or  of  sixty  pounds.  If  now  this  weight  be 
upon  the  large  piston,  both  will  remain  in  equilibrium  ;  but  if  the  w 
greater  or  less,  this  is  no  longer  the  case.  If  S  and  s  are  the  areas 
large  and  small  piston  respectively,  and  P  and  p  the  correspondini 

then?-?;  whence  P  -^• 
p     s'  s 

It  is  important  to  observe  that  in  speaking  of  the  transmission  < 

sures  to  the  sides  of  the  containing  vessel,  these  pressures  must  alv 

supposed  to  be  perpendicular  to  the  sides  ;  for  any  oblique  pressure 

decomposed  into  two  others,  one  at  right  angles  to  the  side,  and  th 

acting  parallel  with  the  side  ;  but  as  the  latter  has  no  action  on  the  s 

perpendicular  pressure  is  the  only  one  to  be  considered. 


PRESSURE   PRODUCED   IN   LIQUIDS  BY  GRAVITY. 

99.  Vertioal  downward  pressure  1  Its  laws.  —Any  given  liqui< 
in  a  state  of  rest  in  a  vessel,  if  wc  suppose  it  to  be  divided  into  ho 
layers  of  the  same  density,  it  is  evident  that  each  layer  supports  the 
of  those  above  it.  Gravity,  therefore,  produces  internal  pressures 
mass  of  a  liquid  which  var)'  at  different  points.  These  pressu: 
submitted  to  the  following  general  laws  : — 

I.  The  pressure  in  each  layer  is  proportional  to  the  depth, 

I I .  With  different  liquids  and  the  same  cUpth^  the  pressure  is  propc 
to  the  density  of  the  liquid. 

III.  The  pressure  is  the  same  at  all  points  of  the  sanu  horisonial  i 
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Tlic  fe^  two  laws  are  self-evident  ;  the  third  necessarily  follows  from 
Ike  arst  aod  from  Fascal-s  principle. 

ifcyer  has  found,  by  direct  encperiments,  that  pressures  are  transmitted 
I  liquids  contained  in  tubes,  with  tlie  same  velocity  as  that  with  which 
I  travels  in  the  same  circumstances. 
loa  ▼#ttlcml  vpwmra  pressure. — The  pressure  which  the  upper  layers 
itfaliqoidexert  on  the  lower  layers  causes  them  to  exert  an  equal  reaction 
vian  upward  direction,  a  necessary  consequence  of  the  principle  of  trans- 
andoa  of  pressure  in  alJ  directions.  This  upward  pressure  is  termed  the 
imtjmKjr  of  liquids  ;  it  is  very  sensible  when  tlie  hand  is  plunged  into  a 
tstfiA^  mofe  especially  one  of  great  density,  like  mercury* 

TIk  follow  in  j^  experiment  (fig,  68)  serves  to  exhibit  the  upward  pressure 
itf  fiqoids.  A  lar^e  open  glass  tube  A,  one  end  of  which  is  ground,  is  fitted 
vIlK  a  iptnmd-glass  disc  O,  or  still  better  >%ith  a 
im  ctnl  or  piece  of  mica,  the  weight  of  which  may 
Ik  fiegiected.  To  the  disc  is  fitted  a  string  C,  by 
«lidl  it  cin  be  held  against  the  bottom  of  the  tube. 
Tlr  whok  b  then  immersed  in  water,  and  now  the 
isciiocs  not  fall,  although  no  longer  held  by  the 
i6a^ ;  it  is  consequently  kept  in  its  position  by  the 
^Klfd  pressure  of  the  u^ter.  If  water  be  now 
fkm^  poured  into  the  tube,  the  disc  will  only  sink 
«lfii  the  bright  of  the  water  inside  the  tube  is 
«f^  M>  the  height  outside.  It  follows  thence  that 
ttir  «p»ard  pressure  on  the  disc  is  equal  to  the 
pciiore  of  a  column  of  water,  the  base  of  which  is 
At  iiilcmal  iection  of  the  tube  A,  and  the  height 

Ae^Maoce  trom  the  disc  to  the  upper  surface  of  the  liquid.  Hence  the 
tf^mrd presmn  a/  liquids  at  any  point  is  governed  by  the  same  laws  as  the 
imm^Mrd  prtisure, 

101.  Wv^tumx^  %m  is  dependent  of  tlie  >liape  of  the  vesseL— The 
pOHR  eiertcd  by  a  liquid,  in  virtue  of  its  weight,  on  any  portion  of  the 
ipidi  or  uo  the  sidc!>  of  the  vessel  in  which  it  is  contained,  depends  on  the 
1^  aoil  density  of  the  liquid,  but  is  independent  0/the  shape  of  the  vessel 
mi^iki  fu^miiiy  of  th4  liquid. 

ThU  principle^  which  follows  from  the  law  of  the  equalit>'  of  pressure, 
f  \/t  expertmenially  demonstrated  by   many  forms  of  apparatus.     The 
;  \»  the  one  most  frequently  used,  and  is  due  to  Haldat.     It  consists 
tube,  ABC  (hg.  69),  at  one  end  of  which,  A,  is  fitted  a  stop-cock,  in 
\  on  be  fcrcwed  two  vessels,  M  and  P,  of  the  same  height,  but  dififerent 
Mad  r  -       -    the  first  being  conical,  and  the  other  nearly  cylindri- 
ifcTcai  (1  into  the  tube  ABC,  until  its  level  nearly  reaches  A 

i  >1  r>?n<n  screwed  on  and  filled  with  water.     The  pressure  of 
acSlBg  00  tlie  mercury  causes  it  to  nse  in  the  tube  C,  and  its 
\  fuy  be  marked  by  means  of  a  little  collar,  a,  which  slides  up  and 
\  the  tabe.   The  level  of  the  water  in  M  is  also  marked  by  means  of  tlie 
\  fod  *.   When  this  is  done,  M  is  emptied  by  means  of  the  stop-cock, 
«nd  replaced  by  P.     When  water  is  now  poured  in  this,  the 
bkii  had  resumed  its  original  level  in  the  tube  ABC,  again  rises 
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in  C  ;  and  when  the  water  in  P  has  the  same  height  as  it  had  in  M,  which 
is  indicated  by  the  rod  o^  the  mercury  will  have  risen  to  the  height  it  had 


before,  which  b  marked  by  the  collar  a.  Hence  the  pressure  on  the  mercury 
in  both  cases  is  the  same.  This  pressure  is  therefore  independent  of  the 
shape  of  the  vessels^  and,  consequently,  also  of  the  quantity  of  liquid.  The 
base  of  the  vessel  Is  obviously  the  same  in  both  cases  ;  it  is  the  surface  of 
the  mercury  in  the  interior  of  the  tube  A. 

Another  mode  of  demonstrating  this  principle  is  by  means  of  an  apparatvt 
devised  by  Masson.  In  this  (fig.  70)  the  pressure  of  the  water  containfil  in 
the  vessel  M  is  not  exerted  upon  the  column  of  mercurj',  as  in  that  of  Haldat, 
but  on  a  small  disc  or  stop  a^  which  closes  a  tubulure  r,  on  which  is  screwed 
the  vessel  M.  The  disc  is  not  fixed  to  the  tubulure,  but  is  sustained  by  a 
thread  attached  to  the  end  of  a  scale-beam.  At  the  other  end  is  a  pan,  in 
which  weights  can  be  placed  until  they  counterbalance  the  pressure  exerted 
by  the  water  on  the  stop.  The  vessel  M  being  emptied  is  unscnewwl, 
and  replaced  by  the  narrow  lube  P.  This  being  filled  to  the  same  height 
as  the  large  vessel,  which  is  observed  by  means  of  the  mark  <j,  it  will  be 
observed  that  to  keep  the  disc  in  its  place  just  the  same  weight 
be  placed  in  the  pan  as  before,  which  leads,  therefore,  to  the  same 
dusion  as  does  Haldat^s  experiment.  The  same  result  is  obtained  if,  t 
of  the  vertical  tube  P,  the  oblique  tube  Q  be  screwed  to  the  tubulure. 

From  a  consideration  of  these  principles  it  will  !«  readily  seen  that  ^ 
very  small  quantity  of  water  can  produce  considerable  pressure  Ld  m 
imagine  any  vessel— a  cask,  for  example— filled  with  water,  and  urith  a  laBU 
narrow  tube  tightly  fitted  into  the  side.  If  water  is  poured  into  the  tab^ 
there  will  be  a  pressure  on  the  bottom  of  the  cask  equal  to  the  weight  of  a 
cohiinn  ol  water  whose  base  is  the  bottom  itself,  and  whose  height  is  cqiol 
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^■1  df  tlie  waser  tn  the  tube.  The  pressure  may  be  made  as  great  as  we 
^b;  by  means  of  a  narrou-  thread  of  water  forty  feet  high,  Pascal  suc- 
PW  in  bttming  a  very  solidly  constructed  cask« 

Ute  toy  knoirn  as  the  hydrostatic  teilows  depends  on  the  same  principle, 

li  n>e  sbaU  see  a  most  im jx)rtant  application  of  it  in  the  hydraulic  press, 

Fnxn  the  principle  just  laid  down,  the  pressures  produced  at  the  bottom 

a  may  be  calculated.     It  will  be  presently  demonstrated  that  the 

of  tiie  atmosphere  is  equal  to  that  of  a  column  of  sea  w  atcr  about 
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^^pm  fbet  high.  At  sea  the  lead  has  frequently  descended  to  a  depth 
HbcD  lliOBaand  feet  ;  at  the  bottom  of  some  seas,  therefore,  there  must 
ipf«Mlirc  of  four  hundred  atmospheres. 

103,  WtmmmmM^  «a  tlkc  sides  of  ▼«•■«!•• — Since  the  pressure  caused  by 
wty  ia  !h«  m^un  of  a  liquid  is  transmitted  in  every  direction^  according  to 

—n^i^l  la^r  of  tlic  transmission  of  fluid  pressure,  it  follows  that  at  every 
'  side  of  any  vessel  a  pressure  is  exerted,  at  rigl\t  angles  to  the 
^.  wij»._ij  we  will  suppose  to  be  plane.  Tlie  resultant  of  all  these  pressures 
ItetDCsd  prcsstire  on  the  sides.  But  since  these  pressures  increase  in 
Liitioo  t  ■*  '' [)th,  and  also  in  proportion  to  the  horizontal  extent  of 
|r  sade,  T  rant  can  only  be  ubtained  by  calculation,  which  shows 

\  ^m  l«  ure  on  any  given  portion  of  the  side  is  equal  ta  the 

pif  0f  ^  /  liquid  which  has  (his  portion  of  flu  side/or  its  base^ 

FiLw  height  is  the  vertical  distance  from  th€  centre  of  gravity  of  the 
^mm  i»  ikt  mr/acf  of  the  liquid.  If  the  side  of  a  vessel  is  a  cun'ed  surface 
iMBierr  he  pressure  on  the  surface,  but  the  total  pressure  is 

MHlfvr  \h  nt  of  the  fluid  pressures, 

TIk  poiiit  m  the  side  supposed  plane,  at  which  the  resultant  of  all  the 
isavr  ft  Applied,  1$  called  the  centre  of  pressure^  and  is  always  below  the 
CSV  of  ^laificy  of  the  9ide.     For  if  the  pressures  exerted  at  different  parts 
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of  ilic  ])l.iiu'  -i^;<-  \\k\v.  ((jual,  ihf  puini  of  a))|)li(;aii<)n    of  tliuir  result. ini,  :i.i 
centre  of  pressure,  would  obviously  coincide  with  the  centre  of  gravity  of  the 
side.    But  since  the  pressure  increases  with  the  depth,  the  centre  of  pressure 
is  necessarily  below  the  centre  of  gravity.    This  point  is  determined  by  od- 
culation,  which  leads  to  the  following  results  : — 

L  With  a  rectangular  side  whose  upper  edge  is  level  with  the  water,  the 
centre  of  pressure  is  at  two-thirds  of  the  line  which  joins  the  middle  of  dw 
horizontal  sides  measured  from  the  top. 

ii.  With  a  triangular  side  whose  base  is  horizontal,  and  coincident  with 
the  level  of  the  water,  the  centre  of  pressure  is  at  the  middle  of  the  line  whidi 
joins  the  vertex  of  the  triangle  with  the  middle  of  the  base. 

iii.  With  a  triangular  side  whose  vertex  is  level  with  the  water,  the  centre 
of  pressure  is  in  the  line  joining  the  vertex  and  the  middle  of  the  base,  and 
at  three-fourths  of  the  distance  of  the  latter  from  the  vertex. 

103.  Kydrostatio  paradox. — We  have  already  seen  that  the  pressure  on 
the  bottom  of  a  vessel  depends  neither  on  the  form  of  the  vessel  nor  on  tbe 
quantity  of  the  liquid,  but  simply  on  the  height  of  the  liquid  above  tbe 
bottom.  But  the  pressure  thus  exerted  must  not  be  confounded  with  tbe 
pressure  which  the  vessel  itself  exerts  on  the  body  which  supports  it.  The 
latter  is  always  equal  to  the  combined  weight  of  the  liquid  and  the  vessel  in 
which  it  is  contained,  while  the  former  may  be  either  smaller  or  greater  thaa 

this  weight,  according  to  the  form  of  the  vesseL 
This  fact  is  often  termed  the  hydrostatic  fiaratUx^ 
because  at  first  sight  it  appears  paradoxical. 

CD  (fig.  71)  is  a  vessel  composed  of  two  cylin*  ^ 

drical  parts  of  unequal  diameters,  and  filled  widi  ^ 

water  to  a.     From  what  has  been  said  before,  the  ^ 

bottom  of  the  vessel  CD  supports  the  same  pressoR  r 
as  if  its  diameter  were  everywhere  the  same  as  that 

of  its  lower  part ;  and   it  would  at  first  sight  seal  ^ 

that  the  scale  M  N  of  the  balance,  in  which  the  ^ 

vessel    CD   is  placed,  ought  to  show   the  saae  ^ 

weight  as  if  there  had  been  placed  in  it  a  cytin*  ^ 

drical  vessel  having  the  same  height  of  water,  and  ^ 

p.                           having    the    diameter   of   the   part   D.      But  the  ^ 

pressure  exerted  on  the  bottom  of  the  vessel  is  nfH  ^ 

all  transmitted  to  the  scale  MN  ;  for  the  upward  pressure  upon  the  suriaoe«9  '  \ 

of  the  vessel  is  precisely  equal  to  the  weight  of  the  extra  quantity  of  watnr  > 
which  a  cylindrical  vessel  would  contain,  and  balances  an  equal  portion  of   > 

the  downward  pressure  on  ///.    Consequently  the  pressure  on  the  plate  MN  b  ^ 

simply  equal  to  the  weight  of  the  vessel  CD  and  of  the  water  which  it  containa.  '« 

CONDITIONS   OK  THK   KQUILIBRIUM    OF  LIQUIDS.  ' 

104.  BqalllbHam  of  a  liquid  In  a  slnale  vessel.— In  order  that  a  liquid  < 
may  remain  at  rest  in  a  vessel  of  any  given  form,  it  must  satisfy  the  two  •. 
following  conditions  : — 

1.  Its  surface  must  be  ez'eryu>here  perpendicular  to  the  resultant  of  tki 
forces  which  act  on  the  molecules  of  the  liquid. 
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n.  KviFj  ffwie€tiU  oft  hi  mass  of  tht  liquid  must  be  subject  in  every  direc- 
#  i0  ifmai  and  eimtrary  pressures. 

The  «eco(D«d  comlition  is  self-evident ;  for  if,  m  two  opposite  directions, 
'  pfcasMres  exerted  on  any  given  molecule  were  not  equal  and  contrtiry, 
1  BDlccnle  would  be  moved  in  the  direction  of  the  greater  pressure^  and 
?T«  wtfM  be  no  eqtiilibrtum.     Thus  the  second  condition  follows  from  the 

pnadple  df  tbe  equality  of  pressures,  and  from  the  reaction  which  all  pres- 

ws^€smsm  cm  the  mass  of  liquids. 

Jn  prtne  the  first  condition,  let  us  suppose  that  mp  is  the  resultant  of  all 

tiie  forces  itctmg  upon  any  molecule  m  on  the 

sifice  (%*  72),  and  that  this  surface  is  inclined 

ii  tdmnce  to  the  force  ////.     The  latter  can 

cnMqomtly  be  decomposed   into  two  forces, 

m^  nil  mf\  the  one  perpendicular  to  the  smt- 

feroCllie  r»quid^  and  the  other  to  the  directirm 

i^   How  the  tiT-t  force,  mg,  would  be  destroyed 


>  — 


liquid,  while  the  second  **'*' 

iile  in  the  direction  tttf  which  shows  that  the  cquili- 
iMitn  'Ic. 

If  g'  ^^*c  ioxcc  aciin;;  on  the  liquid,  the  direction  mp  is  vertical  ; 

InOE,  If  1  is  contained  in  a  basin  or  vessel  of  small  extent,  the  sur- 

ktiN^ii^  1-    '^  plane  and  horizontal  167),  because  then  the  direction  of 

^iriiy  »  Uie  tame  in  every  point     But  the  case  rs  dificrent  with  liquid sur- 

f  greater  extent,  iike  the  ocean.     The   surface  will  be  perpendicular 

direction   of  giav ity  :    but   as 

idlBUl^O  frocii  one  point  to  another, 

mA  ilwaijfi  tfflds  towards  a  fioint  near 

t  eentre  of  iHc  earth,  1%  follows  that 

t^kitsXKm  of  the  surface  of  the  ocean 

I  dkukft  also,  and  assume  a  nearly 

|0>    B^Blllbrluixi    of    tli«    Bfliine 

i4     la    s^wrAl    oomiDiiDicAUtir 

-Wbeii    several    vessels    of 

pv^en    fonn    communicate    with 

ocbeff    there    will     be     equili- 

I  vhen  the  l»-'in*''   in  each  vessel 

,  1^  two  ;  conditions 


'J 


tr'  *'-»-■ 


..  i hi  surfaces  a/ 
■sseis  arc  in  ihe 
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■f  mfi\ TF  Ti  pujfir* 

1a  tlie  vcMeU  ABCD  (fig.  73),  which  communicate  with  each  other,  let 
ftider  any  trantvcne  section  of  the  tube  *mn  ;  the  liquid  can  only 
k  in  pqotfibriam  u  lofijf  a*  the  pressures  which  this   section  supports 
mI  from  //  in  the  direction  of  w,  are  equal  and 
r  %»dy  proved  that  these  pressures  are  respec- 

qu^  tn  of  water,  whose  base  is  the  supposed 

^  jBjjj  r.ince  from  the  centre  of  gravity  of  this 

I'te  tbc  suriatct:  %A  the  ijquitl.     If  wc  conceive,  then,  a  horizontal  plane, 
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»,  drawn  through  the  centre  of  gravity  of  this  section,  it  will  bci 
there  will  only  be  equilibrium  as  long  as  the  height  of  the  liquid  \ 
plane  is  the  same  in  each  vessel,  which  demonstrates  the  principle  e 
to6.  Bqnllltirliiiii  of  stt|i«rpoftea  llqoidi. — In  order  that  thi 
be  equilibrium  when  several  heterogeneous  liquids  are  superpoi 
same  vessel,  each  of  them  must  satisfy  the  conditions  necessary  fa 
liquid  (104)  ;  and  further,  ther^  ivill  be  stabie  tquUibrium  only 
liquids  are  arranged  in  the  order  of  their  decreasing  densitiei 
bottom  ufiwards. 

The  last  condition  Is  experimentally  demonstrated  by  means  oti 
effottr  elements.  This  consists  of  a  long  narrow  bottle  conta)nin| 
[water  saturated  with  carbonate  of  potass,  alcohol  coloured  r^.^^  and  j 
I  When  the  phial  is  shaken  the  liquids  mix,  but  when  it  is  allowed  t 
[separate  ;  the  mercury  sinks  to  the  bottom,  then  comes  the  watei 
[alcohol,  and  then  tlie  petroleum.  This  is  the  order  of  the  dccreal 
f  ties  of  the  bodies.  The  water  is  saturated  with  carbonate  of  potass^ 
its  mixing  with  the  alcohol. 

This  separation  of  the  liquids  is  due  to  the  same  cause  as  ct 
enables  solid  bodies  to  float  on  the  surface  of  a  liquid  of  greater  di 
tlieir  own.  It  is  a]so  on  this  account  that  fresh  water,  at  the  1 
rivers,  floats  for  a  long  lime  on  the  denser  salt  water  of  the  sea  ; 
for  the  same  reason  that  cream,  which  is  lighter  than  milk,  rises  to  tl 

107.    a^Billbrium    of    twQ 
*  liquids    In     comnmnlonttng'    1 

When    two    liquids   of  different 
which  do  not  mix,    are  contaim 
I  communicating   vessels,    tlicy    « 

'  equilibrium  when,  in  addition  tC 

ceding  principles,  they  are  sub) 
following  :  that  th4  heights  dA^ 
sontal  surface  ef  contact  of  /aw>  i 
\  liquid  in  equilibrium  art  in  tki  $m 

ojf  their  densities. 
^  To  show  this  expcrimcntJilly,  | 

^^^  poured  into  a  bent  glass  tube, 

MM^'  against  an  upright  wooden  suppa 

^^^^^    and  then  water  is  poured  tnta  < 

^^^^^^BB^^^    legs,  AB.     The  column  of  u-ater,  1 

^'i-  74.        ^^  ^^^  ^^  ^^  mercur>^  at  B,  lowers  I 

the  leg  AB,  and  raises  it  in  the  i 

quantity   CD  ;  so  that   if,   when   equilibrium  is  established,  m% 

a  horiiontal  plane,  BC,  to  pass  through  B,  the  column  of  water  I 

I  balance  the  column  of  mercur>'  CD.     If  the  heights  of  these  two  o( 

mei)  measured  by  means  of  the  scales,  it  will  be  found  that  the  hd 

P'Column  of  water  is  aliout  1 3  J  times  that  of  the  height  of  the  colunon  H 

t  We  shall  presently  sec  that  the  density  of  mercury  is  about  iy\  tin 

water,  from  which  it  follows  that  the  heights  arc  inversely  as  the  ^ 

It  may  be  added  that  the  equilibrium  cannot  exist  unless  there  \%{ 

l^uantity  of  the  heavier  liquid  for  part  of  it  to  remain  in  Mk  U^  d 
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T;i^  nr*  rrding  principle  may  be  deduced  by  a  very^  simple  calculation* 
J|r  »e  the  densities  of  water  and  mercury,  and  //  and  /i'  their  rc- 

^esL.-Tv  ...^iiis,  and  let  ^be  the  force  of  gravit)'.  The  pressure  on  B  will 
be  profiartional  to  the  density"  of  the  liquid,  to  its  height,  and  to  the  force  of 
levity ;  on  the  whole,  therefore^  to  the  product  dhg.  Similarly  the  pres- 
wrai  C  wiU  be  proportional  io<tk*g.  But  in  order  to  produce  equilibrium, 
Agwmn  be  equal  to  tfh'g^ot  dh=^d*h\  This  is  nothing  more  than  an 
llfclmcal  expression  of  the  above  principle  ;  for  since  the  two  products 
mmi  iliwiys  be  equal,  </  must  be  as  many  times  greater  than  </as  h'  is  less 
(kin  A. 

la  this  manner  the  density  of  a  liquid  may  be  determined.  Suppose  one 
4  lilt  brandies  contained  water  and  the  other  oil,  and  their  heights  were, 
Ittpcctkcly,  15  inches  for  the  oil  and  14  inches  for  the  water.  The  density 
if  vitcr  being  taken  as  unity,  and  that  of  oil  being  called  jr,  we  shall  have 


15  K.r«i4x  I 


whence  x^  — -O'Ojs, 
15 


AFrUCATIONS  OF  THE  PRECEDING  HYDROSTATIC  PRINCIPLES, 

•  IqB.  Sy^MMUIe  preftc* — The  law  of  the  equalit>^  of  pressure  has  received 
important  application  in  the  hydraulic  press ^  a  machine  by  which 


%^: 


^^ 


J 
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prcssHFCs  may  be  produced.     Its  principle  is  due  to  Pascal,  but  it 
Sdnatmctcd  by  Bramali  in  1796, 
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it consists  of  a  cylinder,  B,  with  very  strong  thick  sides  (fig.  75),  in 
which  there  is  a  cast-iron  ram,  P,  working  water-tight  in  the  collar  of  the 
cylinder.  On  the  ram  P  there  is  a  cast-iron  plate  on  which  the  substance 
to  be  pressed  is  placed.  Four  strong  colunms  serve  to  support  and  fix  a 
second  plate  Q. 

By  means  of  a  leaden  pipe  K,  the  cylinder  B,  which  is  filled  with  water, 
conununicates  with  a  small  force-pump  A,  which  works  by  means  of  a  lever 
M.  When  the  piston  of  this  pump/  ascends,  a  vacuum  is  produced,  and  the 
water  rises  in  the  tube  a,  at  the  end  of  which  there  is  a  rose,  to  prevent  the 
entrance  of  foreign  matters.  When  the  piston  p  descends,  it  drives  the  water 
into  the  cylinder  by  the  tube  K. 

Fig.  76  represents  a  section,  on  a  larger  scale,  of  the  system  of  valves 
necessary  in  working  the  apparatus.     The  valve  o^  below  the  piston  /,  opens 

when  the  piston  rises^ 
and  closes  when  it 
descends.  The  \idve 
<?,  during  this  descent, 
is  opened  by  the 
pressure  of  the  water 
which  passes  by  the 
pipe  K.  The  valve  i 
is  2Lsafify'VaJve^  held 
by  a  weight  which 
acts  on  it  by  means  of 
a  lever.  By  weight- 
ing the  latter  to  a 
greater  or  less  extent 
the  pressure  can  be 
regulated,  for  as  soon  as  there  is  an  upward  pressure  greater  than  that  of  the 
weight  upon  it,  it  opens  and  water  escapes.  A  screw  r  ser\'es  to  relieve  the 
pressure,  for  when  it  is  opened  it  affords  a  passage  for  the  efflux  of  the  water 
in  the  cylinder  B. 

A  most  important  part  is  the  leather  collar,  if,  the  invention  of  which  by 
Bramah  removed  the  difficulties  which  had  been  experienced  in  making  the 
large  ram  work  water-tight  when  submitted  to 
great  pressures.  1 1  consists  of  a  circular  piece  of 
stout  leather  (fig.  yy\  saturated  with  oil  so  as  to 
be  impervious  to  water,  in  the  centre  of  which  a 
circular  hole  is  cut.  This  piece  is  bent  so  that 
a  section  of  it  represents  a  reversed  U,  and  is 
fitted  into  a  grove  n  made  in  the  neck  of  the 
cylinder.  This  collar  being  concave  dow7iw*arxls 
in  proportion  as  the  pressure  increases,  it  fits  the  more  tightly  against  the 
ram  P  on  one  side  and  the  neck  of  the  cylinder  on  the  other,  and  quite  pre- 
vents any  escape  of  water. 

The  pressure  which  can  \yQ  obtained  by  this  press  depends  on  the  relation 
of  the  pibton  P  to  that  of  the  piston  /.  If  the  former  has  a  transverse  section 
fifty  or  a  hundred  times  as  lar^e  as  the  latter,  the  upward  pressure  on  the 
large  piston  will  be  fifty  or  a  hundred  times  that  exerted  upon  the  small  one. 


Fig.  76. 


Fig.  77. 
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Bjrinens  of  ihc  lever  M  an  additional  advantage  is  obtained  If  the 
teiAoe  from  ihe  fulcnim  to  the  point  where  the  power  is  applied  is  five  times 
6c  dkciooe  from  the  fulcrum  to  the  piston  /,  the  pressure  on  p  will  be  five 
ages  tlic  power.  Thus,  if  a  man  acts  on  M  with  a  force  of  sixty  pounds,  the 
iaite  crmnsmittcd  b>^  the  piston/  will  be  300  pounds^  and  the  force  which  tends 
to  raise  die  piston  P  will  be  30^000  pounds,  supposing  the  section  of  P  is  a 
^Bdred  times  that  of/. 

Tlie  hydraulic  press  is  used  in  all  cases  in  which  great  pressures  are  re* 

foreiL    tt  is  used  in  pressing  cloth  and  paper,  in  extracting  the  juice  of  beet- 

nwt,  to  compressing  hay  and  cotton^  in   expressing  oil  from  seeds^  and  in 

^-^liDg  UDO  plates  ;  it  also  serves  to  test  the  strength  of  cannon,  of  steam 

Icfi^  smi!  nf  chain  cables.     The  parts  composing  the  tubular  bridge  which 

-    •  Straits  were  raised  by  means  of  an  hydraulic  press.     The 

L  machine,  the  largest  which  has  ever  been  constructed,  was 

aar  ieei  JoAgf  «^d  twent>*-two  inches  in   internal  diameter  ;  it  was  capable 

^  riiiln^  a  weight  of  two  thousand  tons. 

Tbe  imnciplc  of  the  hydraulic  press  is  advantageously  employed  in  cases 
j^reat  power  is  only  required  at  inten  als,  such  as  in  opening  dock 
lift*  in  hotels,  warehouses,  and  the  like.  In  these  cases  an  accu- 
ts  used.  The  piston  P  is  loaded  with  very  great  weights,  and  water 
iiiarocd  into  the  cylinder  B  by  powerful  pumps.  From  the  bottom  of  this 
m  lisbc  ctinducts  water  to  any  place  where  the  power  is  to  be  applied, 
flaw  of  even  small  quantities  of  water  can  i>erform  a  great  amount 


^  for  instance,  that  the  area  of  the  piston  P  is  four  square  feet,  and 
ftai  if  \m»  a  toad  of  100  tons ;  this  represents  a  pressure  of  over  370  pounds 
^  Ae  square  inch,  or  more  t^an  25  atmospheres.  When  the  large  piston 
m^  tbfijQgb  the  jV^^  ^^  ^"  i^^^  about  a  pint  of  water  will  flow  out,  and  this 
flpnMBts  a  work  of  about  1^  100  foot- pounds, 

M^  9li«  ^Fmt«r-l«wel»— The  tvater-ievtl  is  an  application  of  the  con- 
^ifiBBS  ofdittilibrium  in  communicating  vessels.     It  consists  of  a  metal  tube 


;h  are  fitted  glass  tubes  D  and  E  (fig.  78).  It  is 
■4  on  a  trqiody  and  water  poured  in  until  it  rises  in  both  legs.  When  the 
d  it  ai  feit,  ibc  ktcl  of  the  water  in  both  tubes  is  the  same  ;  tliat  is, 
r  «e  tall  in  the  «me  horizontal  plane. 
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This  instrument  is  used  in  levelling,  or  ascertaining  how  much  one  point 
is  higher  than  another.  If,  for  example,  it  is  desired  to  find  the  diflferenGe 
between  the  heights  of  B  and  A,  a  ievelling-staffx^  fixed  on  the  latter  place. 
This  staff  consists  of  a  rule  formed  of  two  sliding  pieces  of  wood,  and  su^ 
porting  a  piece  of  tin  plate  M,  in  the  centre  of  which  there  is  a  mark,  Thb 
staff  being  held  vertically  at  A,  an  observer  looks  at  it  through  the  Ic^^d 
along  the  surfaces  D  and  E,  and  directs  the  holder  to  raise  or  lower  the  slide 
until  the  mark  is  in  the  prolongation  of  the  line  DE.  The  height  AM  is 
then  measured,  and  subtracting  it  from  the  height  of  the  level,  the  height  of 
the  point  A  above  B  is  obtained. 

]  lo.  Tlie  Splrlt-leTel.  The  spifit'leifel  is  both  more  delicate  and  more 
accurate  than  the  water-level.     It  consists  of  a  glass  tube  AB  (fig.  79),  \tvf 

slightly  curved  ;  that  is, 
^**  ^**  the  tube,  instead  of  being 

a  true  cylinder  as  it  seeaks 
to  be,  is  in  fact  slightlf 
curved  in  such  a  n^anncr 
that  its  axis  is  an  arc  of 
a  circle  of  ver>'  large 
radius.  It  is  filled  wttk 
spirit  with  the  exceptioci 
of  a  bubble  of  air,  whidi 
tends  to  occupy  tJie  high- 
est part.  The  tube  t» 
placed  in  a  brass  case 
CD  (fig.  80),  which  is  so  arranged  that  when  it  is  in  a  perfectly  borixontlt^ 
position  the  bubble  of  air  is  exactly  between  the  two  points  marked  in 
case. 

To  take  levels  with  this  apparatus,  it  is  fixed  on  a  telescope,  m\ 
be  placed  in  a  horizontal  position. 

rti.  Artesian  wells. — All  natural   collections   of  water  exemplify 
tendency  of  water  to  find  its  level.     Thus,  a  group  of  lakes,  such 
great  lakes  of  North  America,  may  be  regarded  as  a  number  of 
communication,  and  consequently  the  waters  tend   to  maintain  the 
level  in  all.     This,  too,  is  the   case  >nth    the  source  of  a  river  and  the 
and,  as  the  latter  is  on  the  lower  level,  the  river  continually  flows  down 
the  sea  along  its  bed,  which  is^  in  fact,  tlie  means  of  communication  bet 
the  two. 

Perhaps  the  most  striking  instance  of  this  class  of  natural  phenomviift 
that  of  artemm  wfils.    These  wells  dcri\e  their  name  from  the  pro^  * 
of  Ariois,  where  it  has  long  been  customar>^  to  dig  them,  and  whence 
use  in  other  parts  of  France  and  Europe  was  derived*     It  seems,  how 
that  at  a  very  remote  period  wells  of  the  same  kind  were  dug  in  China 
Eg>'pL 

To  understand  the  theory'  of  these  wells  \\  must  be  premised  tbil 
strata  composing  the  earth's  crust  arc  of  two  kinds  :  the  one  p<rmiMt 
water^  such  a»  sand,  gravel,  &c. ;  the  other  impermeabU^  such  as  day. 
us  suppose,  then,  a  geographical  basin  of  greater  or  less  extent,  in  w  hick 
two  Impenneable  layers  A6«  CD  (fig*  St),  enclose  between  them  a 
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%er  KK.  The  rain-water  falling  on  that  part  of  this  layer  which  coraes  to  the 
flfftee.  aod  which  is  called  the  outcrops  will  filter  through  it,  and  following 
lie  BStoral  fell  of  the  ground  will  collect  in  the  hollow  of  the  basin,  whence 
i|  ciaaoC  escape  owing  to  the  impermeable  strata  above  and  below  it.  If, 
iio«,  a  vertical  hole,  I,  be  sunk  down  to  the  water-bearing  stratum,  the  water 
mpm^  to  regain  its  level  will  spout  out  to  a  height  which  depends  on  the 
ilifliliHiiii  between  the  levels  of  the  outcrop  and  of  the  point  at  which  the 
folMtt^on  b  made. 

The  waters  which  feed  artesian  wells  often  come  from  a  distance  of 
mac^  or  scrcnty  miles^     The  depth  varies  in  different  places.     The  well  at 


Fig.  8r. 

le  IS  1,800  feet  deep ;  it  gives  656  gallons  of  water  in  a  minute,  and 

of  the  deepest   and  most  abundant  which  has   been   made.     The 

oC  the   water  is  27^  C     It  follows  from  the  law  of  the   in- 

rolteDlperaiurc  with  the  increasing  depth  below  the  surface  of  the 

Ibmt,  tf  this  well  were  210  feet  deeper,  the  water  would  have  ail 

"  rcnmd  a  temperature  of  32**  C;  that  is,  the  ordinary  temperature  of 


BODIES  IMMERSED   IN   LIQUIDS. 

ttX  WwmmmmM^  sttFfiorted  bj  a  liodjr  immersed  In  a  UqnKl. — When  a 
^d  a  imoicrsed  in  a  liquid^  every  portion  of  its  surface  is  submitted  to  a 
yeqpmrfkiilar  pressiwe  which  increases  with  the  depth.  If  we  imagine  all 
dne  prcsKijes  decomposed  into  horizontal  and  vertical  pressures,  the  first 
9&tfe  is  equilibrium.  The  vertical  pressures  are  obviously  unequal,  and 
«il  IomI  to  more  the  body  upwards. 

T  —  —  'TTta^e  a  cube  immersed  in  a  mass  of  water  (fig.  82),  and  that 
^m  are  vciticaL  The  pressures  upon  the  four  vertical  faces  being 
rjE3Ji\  in  e<|iiiPmuiii«  we  need  only  consider  the  pressures  exerted  on  the 
laiMiBUl  fiKes  A  and  B.  The  first  is  pressed  downwards  by  a  column  of 
vtter  vlnte  base  is  the  face  A^  and  whose  height  is  AD  ;  the  lower  face  B 
ii|iiUiui  upwards  by  the  weight  of  a  column  of  water  whose  base  is  the 
ine  indi^  and  whose  height  is  BD  (loo).    The  cube,  therefore,  is  urged 
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upwards  by  a  force  equal  to  the  difference  between  these  two  pressures, 
which  latter  is  manifestly  equal  to  the  weight  of  a  column  of  water  having 
the  same  base  and  the  same  height  as  this  cube.  Consequently  this  upward 
pressure  is  equal  to  the  weight  of  the  volume  of  water  displaced  by  the  im- 
mersed body. 

We  shall  readily  see  from  the  following  reasoning  that  every  body 
inmiersed  in  a  liquid  is  pressed  upwards  by  a  force  equal  to  the  weight  of 
the  displaced  liquid.  In  a  liquid  at  rest  let  us  sup- 
pose a  portion  of  it  of  any  given  shape,  regular 
or  irregular,  to  become  solidified,  without  either 
increase  or  decrease  of  volume.  The  liquid  thus 
solidified  will  remain  at  rest,  and  therefore  must 
be  acted  upon  by  a  force  equal  to  its  weight,  and 
acting  vertically  upwards  through  its  centre  of 
gravity  ;  for  othenvise  motion  would  ensue.  If  in 
the  place  of  the  solidified  water  we  imagine  a  solid 
of  another  substance  of  exactly  the  same  volume 
and  shape,  it  will  necessarily  receive  the  same 
pressures  from  the  surrounding  liquid  as  the  solidi- 
fied portion  did ;  hence,  like  the  latter,  it  will  sustain 
the  pressure  of  a  force  acting  vertically  upwards 
^>8-  ^*-  through  the  centre  of  gravity  of  the  displaced  liquid, 

and  equal  to  the  weight  of  the  displaced  liquid.  If,  as  almost  invariably 
happens,  the  liquid  is  of  uniform  density,  the  centre  of  gravity  of  the  displaced 
liquid  means  the  centre  of  gravity  of  the  immersed  part  of  the  body  supposedly 
be  of  uniform  density.  This  distinction  is  sometimes  of  importance :  for  ex- 
ample, if  a  sphere  is  composed  of  a  hemisphere  of  iron  and  another  of  wood, 
its  centre  of  gravity  would  not  coincide  with  its  geometrical  centre  ;  but  if  it 
were  placed  under  water,  the  centre  of  gravity  of  the  displaced  water  would 
be  at  the  geometrical  centre— that  is,  would  have  the  same  position  as  the 
centre  of  gravity  of  the  sphere  if  of  uniform  density. 

113.  Frineiple  of  Arobimedes. — The  preceding  principles  prove  that 
ever>'  body  immersed  in  a  liquid  is  submitted  to  the  action  of  two  forces : 
gravity  which  tends  to  lower  it,  and  the  buoyancy  of  the  liquid  which  tends 
to  raise  it  with  a  force  equal  to  the  weight  of  the  liquid  displaced.  The 
weight  of  the  body  is  either  totally  or  partially  overcome  by  this  buoyancy, 
from  which  it  is  concluded  that  a  body  immersed  in  a  liquid  loses  a  part  ef 
its  ivci^ht  equal  to  the  tucii^ht  of  the  displaced  liquid. 

This  principle,  which  is  the  basis  of  the  theory  of  immersed  and  floatiQf 
bodies,  is  called  the  principle  of  Archimedes,  after  the  discoverer.  It  may 
be  shown  experimentally  by  means  of  the  hydrostatic  balance  (fig.  83).  This 
is  an  ordinary  balance,  each  pan  of  which  is  provided  with  a  hook  ;  the 
beam  can  be  raised  by  means  of  a  toothed  rack,  which  is  worked  by  a  little 
pinion  C.  A  catch,  D,  holds  the  rack  when  it  has  been  raised.  The  beam 
being  raised,  a  hollow  brass  cylinder,  .A,  is  suspended  from  one  of  the  pans, 
and  below  this  a  solid  cylinder,  H,  whose  volume  is  exactly  equal  to  the 
capacity  of  the  first  cylinder  ;  lastly,  an  equipoise  is  pl«iced  in  the  other  pan. 
If  now  the  hollow  cylinder  A  be  filled  with  water  the  equilibrium  is  disturbed  ;  1 
but  if  at  the  same  time  the  be.im  is  lowered  so  that  the  solid  c>iinder  B  be- 
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I  in  a  vessel  of  water  placed  beneath  it,  the  equilibrium  wilt 
By  being  immersed  in  water  the  cylinder  B  loses  a  portion  of 
iliWijfilt  eqoAt  to  that  of  the  water  in  the  cylinder  A.  Now  as  the  capacity 
«f  tiic  C}rGn4er  A  is  exactly  equal  to  the  volume  of  the  cylinder  B,  the  prin* 
dpie  vhtcii  has  been  before  laid  down  is  proved. 
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Fig.  8  V 

K«ton   ©f   Ui«  Toloiae   of  «   body.— Tlie   principle   of 
furnishes  a  meth^xl  for  obtaining  the  volume  of  a  body  of  any 
e»  pforided  it  is  not  soluble  in  water,     Tlie  body  is  suspended  by  a  fine 
id  ID  the  hydrostatic  balance,  and  is  weighed  tlrst  in  the  air,  and  then  in 
Bed  valcr  al  4*^  C.    The  loss  of  wei^^ht  is  the  weight  of  the  displaced 
r,  from  which  the  volume  of  the  displaced  water  is  readily  calculated. 
iy«  ^sme  ts  manifestly  that  of  the  body  itself.     Suppose,  for  example, 
f  "^Tftl'"  IS  the  loss  of  weight.     This  is  consequently  the  weight  of  the 
bced  valer*     Now  it  is  known  that  a  gramme  is  the  weight  of  a  cubic 
qf  wuter  at  4"^ ;  consequently,  the  volume  of  the  body  immersed 
ii  ii$  coImc  ceDtimcUes, 

Its,  ^itMittfiiliim  offlomtlay  bodte>,— A  body  when  6oating  is  acted 
m  by  c«t»  forces,  namely,  its  weight,  which  acts  vertically  downwards 
i^H^iCieeBlieaf  gravity^  and  the  resultant  of  the  fluid  pressures,  which 
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(112)  acts  vertically  upwards  through  the  centre  of  gravity  of  the  fluid 
displaced ;  but  if  the  body  is  at  rest  these  two  forces  must  be  equal  aad 
act  in  opposite  directions  ;  whence  follow  the  conditions  of  equilibriitni, 
namely, — 

i.  The  floating  body  must-  displace  a  volutne  of  liquid  whose  weight  equals 
that  of  the  body, 

ii.  The  centre  of  gravity  of  the  floating  body  must  be  in  the  same  vertical 
line  with  that  of  the  fluid  displaced. 

Thus  in  fig.  84,  if  C  is  the  centre  of  gravity  of  the  body,  and  G  that  oC 
the  displaced  fluid,  the  line  GC  must  be  vertical,  since  when  it  is  so  the 
weight  of  the  body  and  the  fluid  pressure  will  act  in  opposite  directioiis 
along  the  same  line,  and  will  be  in  equilibrium  if  equal.  It  is  convenienti 
with  reference  to  the  subject  of  the  present  article,  to  speak  of  the  line  CO 
produced  as  the  axis  of  the  body. 

Next  let  it  be  inquired  whether  the  equilibrium  be  stable  or  unstable. 
Suppose  the  body  to  be  turned  through  a  small  angle  (fig.  85),  so  that  the 

axis  takes  a  positkm 
inclined  to  the  vertical 
The  centre  of  gravitf 
of  the  displaced  fluid 
will  no  longer  be  G, 
but  some  other  pointt 
G^  And  since  the  fluid 
pressure  acts  vertically 
upwards  through  G\ 
its  direction  will  cot 
the  axis  in  some  point 
M',  which  will  gene* 
rally  have  different  positions  according  as  the  inclination  of  the  axis  to  the 
vertical  is  greater  or  smaller.  If  the  angle  is  indefinitely  small,  M^  will  hate 
a  definite  position  M,  which  always  admits  of  determination,  and  is  called 
the  metacentre. 

If  we  suppose  M  to  be  above  C,  an  inspection  of  fig.  86  will  show  that 
when  the  body  has  received  an  indefinitely  small  displacement,  the  weight  of 
the  body  W,  and  the  resultant  of  the  fluid  pressures  R,  tend  to  bring  the 
body  back  to  its  original  position  ;  that  is,  in  this  case,  the  equilibrium  is 
stable  (70).  If,  on  the  contrary,  M  is  below  C,  the  forces  tend  to  cause  the 
axis  to  deviate  farther  from  the  vertical,  and  the  equilibrium  is  unstable. 
Hence  the  rule — 

iii.  The  equilibrium  of  a  floating  body  is  stable  or  unstable  according  at 
the  metacentre  is  abo7'e  or  below  the  centre  of  gravity. 

The  determination  of  the  metacentre  can  rarely  be  effected  except  bf 
means  of  a  somewhat  difficult  mathematical  process.  When,  however,  the 
form  of  the  immersed  part  of  a  body  is  spherical  it  can  be  readily  determined ; 
for  since  the  fluid  pressure  at  each  point  converges  to  the  centre,  and  con- 
tinues to  do  so  when  the  body  is  slightly  displaced,  their  resultant  must  in 
all  cases  pass  through  the  centre,  which  is  therefore  the  metacentre.  To 
illustrate  this  :  let  a  spherical  body  float  on  the  surface  of  a  liquid  (fig.  87) ; 
then,  its  centre  of  gravity  and  the  metacentre  both  coinciding  with  the 
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Fig.  85. 


Fig.  86. 


Swimming-bladder  of  Fis/tes, 
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centre  C,  its  equilibrium  is  neutral  (70).     Now  suppose  a  small 
body  to  be  fastened  at  P,  the  summit   of  the  vertical  diameter.     The 
of  graiTfty  will  now  be  at  some  point  G  above  C.     Consequently,  the 
is  unstable,  and  the  sphere,  left  to  itself,  will  instantly  turn  over 
ttd  trill  rest  when  V  is  the  lower  end  of  a  vertical  diameter. 

On  investigating  the  position  of  the  metacentre 
«f  a  cylmder,  it  is  found  that  when  the  ratio  of 
^  radios  to  the  height  ts  greater  than  a  certain 
^■Uttity,  the  position  of  stable  equilibrium  is  that 
ii  wtecli  tbe  axis  is  vertical ;  but  if  it  be  less  than 
flat qittatsty,  the  equilibrium  is  stable  when  the 
en  b  horooatal.  For  this  reason  the  stump  of  a 
oee  Aoats  tengihwise,  but  a  thin  disc  of  wood  floats 
te  QO  the  water.  Hence^  also^  if  it  is  required  to 
■ike  a  cylitider  of  moderate  length  float  wilh 
vertica!,  it  is  necessary  to  load  it  at  the 
cod.     By  so  doing  its  centre  of  gravity  is  brought  below  the  meta- 


Fig.  87b 


Hic  determination  of  the  metacentre  and  of  the  centre  of  gravity  is  of 
inipcmance  in  the  stowage  of  vessels,  for  00  their  relative  positions 
she  icabilixy  depends. 

116.  C»art«iiAa  div«r.— The  difTereni  effects  of  suspension,  immersion, 
md  floaitiii^  arc  reproduced  by  means  of  a  well- 
Haaii  hydrostatic  toy,  the  Cartesian  diver  (fig.  88), 
it  OMttisU  of  a  glass  c>*linder  nearly  full  of  water, 
iB  iSie  iOfl  of  which  a  brass  cap,  provided  with  a 
pittii^  is  hermetically  fitted.  In  the  liquid  there  is 
•  fiOle  poreelasn  figure  attached  to  a  hollow  glass 
Ml  m^  which  contains  air  and  water,  and  floats  on 
te  iwflLL  in  the  lower  part  of  this  ball  there  is 
aiol*  hole  by  which  water  can  enter  or  escape, 
««  the  air  in  the  interior  is  more  or  less 
Tbe  quantity  of  UMter  in  the  globe 
that  very  little  more  is  required  to  make  it 
If  the  piston  is  slightly  lowered  the  air  is 
and  this  pressure  is  transmitted  to  the 
of  the  vessel  and  the  air  in  the  bulb.  The 
is  that  a  small  quantity  of  water  pene- 
the  bulb,  which  therefore  becomes 
ajsd  sinks.  If  the  pressure  is  relieved^  the 
^  m  the  bislh  expands,  e^cpcls  the  excess  of  water 
entered  it,  and  the  apparatus,  being 
V  rises  to  the  surface.  Tlie  experiment 
be  iiiii]>li6ed  by  replacing  the  brass  cap 
by  a  eover  of  sheet  india-rubber,  which 
hll^kllyiir^  <'h  ;  when  this  is  pressed  Fig.  68. 

^ththnkl  cts  are  produced. 

M7>  0«SaiBlnK-tkl»4der  of  flslies. — Most  fishes  have  an  air-bladder 
bdcm  the  fpme^  which  is  called  the  rwimmirtg-Madder,     The  fish  can  com* 
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press  or  dilate  this  at  pleasure  by  means  of  a  muscular  effort,  and  produce 
the  same  effects  as  those  just  described — ^that  is,  it  can  either  rise  or  sink  in 
water. 

1 1 8.   Swlmmliiff. — The  human  body  is  lighter,  on  the  whole,  than  an 
equal  volume  of  water :  it  consequently  floats  on  the  surface,  and  still  better 
in  sea-water,  which  is  heavier  than  fresh  water.    The  difficulty  in  swinuning     ] 
consists  not  so  much  in  floating,  as  in  keeping '  the  head  above  water,  so  as 
to  breathe  freely.     In  man  the  head  is  heavier  than  the  lower  parts,  and     , 
consequently  tends  to  sink,  and  hence  swimming  is  an  art  which  requires  to     , 
be  learned.    With  quadrupeds,  on  the  contrary,  the  head  being  less  heavy     i 
than  the  posterior  parts  of  the  body,  remains  above  water  without  any  efibrt,     , 
and  these  animals  therefore  swim  naturally. 


SPECIFIC  GRAVITY— HYDROMETERS. 

119.  Oetermlnatton  of  speetflo  rraTitles. — It  has  been  already  ex* 
plained  (24)  that  the  specific  gravity  of  a  body,  whether  solid  or  liquid,  is  the 
number  which  expresses  the  relation  of  the  weight  of  a  given  volume  of  this 
body  to  the  weight  of  the  same  volume  of  distilled  water  at  a  temperature 
of  4®.  In  order,  therefore,  to  calculate  the  specific  gravity  of  a  body,  it  is 
sufficient  to  determine  its  weight  and  that  of  an  equal  volume  of  water,  and 
then  to  divide  the  first  weight  by  the  second  :  the  quotient  is  the  specific 
gravity  of  the  body. 

Three  methods  are  commonly  used  in  determining  the  specific  gravities 
of  solids  and  liquids.  These  are — ist,  the  method  of  the  hydrostatic  balance ; 
2nd,  that  of  the  hydrometer  ;  and  3rd,  the  specific  gravity  flask.  All  three, 
however,  depend  on  the  same  principle — that  of  first  ascertaining  the  wei^t 
of  a  body,  and  then  that  of  an  equal  volume  of  water.  We  shall  first  apply 
these  methods  to  determining  the  specific  gravity  of  solids,  and  then  to  the 
specific  gravity  of  liquids. 

1 20.  Speeiflo  rraritj'  of  solids. — i.  Hydrostatic  balance, — To  obtain  the 

specific  gravity  of  a  solid  by  the  hydrostatic  balance  (fig.  83),  it  is  first 

weighed  in  the  air,  and  is  then  suspended  to  the  hook  of  the  balance  and 

weighed  in  water  (fig.  89).     The  loss  of  weight  which  it  experiences  iS| 

according  to  Archimedes'  principle,  the  weight  of  a  volume  of  water  equal 

to  its  own  volume  ;  consequently,  dividing  the  weight  in  air  by  the  loss  of 

weight  in  water,  the  quotient  is  the  specific  gravity  required.     If  P  is  the 

weight  of  the  body  in  air,  P'  its  weight  in  water,  and  D  its  specific  gravity, 

P 
P  -  P'  being  the  weight  of  the  displaced  water,  we  have  D  =  sj-  -y,. 

It  may  be  observed  that  thoujjh  the  weighing  is  performed  in  air,  )-ct, 
strictly  speaking,  the  quantity  required  is  the  weight  of  the  body  in  Z'ocuo ; 
and  when  great  accuracy  is  required,  it  is  necessary*  to  apply  to  the  obser\'ed 
weights  a  correction  for  the  weights  of  the  unequal  volumes  of  air  displaced 
by  the  substance,  and  the  weights  in  the  other  scale-pan.  The  water  in 
which  bmiics  arc  weighed  is  supposed  to  be  distilled  water  at  the  standard 
temperature. 

ii.  Nicholson  s  hydrometer. — The  apparatus  consists  of  a  hollow  metal 
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c|inder  B  (fig.  90)*  to  which  is  ^^  a  cone  C,  loaded  with  lead.  The 
c^ect  of  the  tatter  b  to  bring^  the  centre  of  gravity  below  the  tneta centre, 
ID  tkat  ihc  cylinder  may  lioat  with  its  axis  vertical.  At  the  top  is  <i  stem 
imiuiuited  by  a  pan,  in  which  is  placed  the  substance  whose  specific  gravity 
b  to  be  dctcnniucd.     On  the  stem  a  standard  point,  ^,  is  marked. 

Tbc  apparatus  stands  partly  out  of  the  water,  and  the  first  step  is  to 
jacertam  the  weight  which 
wmA  be  placed  in  the  pan  in 
wdertotnake  the  hydrometer 
nk  CO  the  standard  point  iK 
id  this  wciight  be  135  grains, 
muL  Icf  soiphar  be  the  sub- 
voice  vfafMc  specific  gravity 
ii  10  be  determined.  The 
»c^1s  an:  then  removed 
ino  tlie  paa,  ai>d  replaced 
bf  a  piece  of  sulphur  which 
less  lliai)  125  grains, 
ttsftdded  till  the  hy- 
is  again  depressed 
m  tbe  staodard  a.  If,  for 
tt  has  been  ncccs- 
to  add  55  grains,  the 
dC  the  sulphur  is  evi- 
die  diflierence  between 
5S  grains ;  that  is,  70  y\^^  ^^  ^^  ^ 

Having  thus  deter- 

tbc  weight  of  the  sulphur  in  air,  it  is  now  only  necessary  to 
the  weight  of  an  equal  volume  of  water.  To  do  this,  the  piece  of 
i  in  the  lower  pan  C  at  w,  as  represented  in  the  figure.  The 
vfjt  changed,  nevertheless  the  hydrometer  no  longer  sinks  to 
flhr  ifaptirtfd  ;  the  sulphur,  by  immersion,  has  lost  a  part  of  its  weight  equal 
l»  libit  of  the  water  displaced.  Weights  are  added  to  the  upper  pan  until 
the  bydrooieier  sinks  again  to  the  standard.  This  weight,  34*4  grains,  for 
ffj-pieaents  the  weight  of  the  volume  of  water  displaced  ;  that  is,  of 
of  wafer  equal  to  the  volume  of  the  sulphur.  It  is  only  necessary, 
to  dhide  70  grains,  the  weight  in  air,  by  34*4. grains,  and  the 
3t>3  is  the  specific  gravity. 
If  tfw  body  in  question  is  tighter  than  water  it  tends  to  rise  to  the  surface, 
WA  viQ  not  remain  on  the  loiter  pan  C.  To  obviate  this,  a  small  movable 
aifr  uf  fine  wire  b  adjusted  so  as  to  prevent  the  ascent  of  the  body.  The 
ll|Wiii»q*l  b  in  other  respects  the  same. 

131.  gpatiliiw  smvttr  ^ottle«  ^yknometer.^ — \Vlicn  the  specific  gravity 
■^  a  jobttaoce  tn  a  state  of  powder  is  required,  it  can  be  found  most  convc- 
■ntff  by  iBcaftS  of  ^^  pyknometer^  or  specific  gravity  l>ottlc.  This  instru- 
wm/t  la  a  bottle,  to  the  neck  of  which  is  fitted  a  thermometer  A,  an  en  large - 
■eat  on  Ibe  t«ein  being  carefully  ground  for  this  purpose  (fig.  91).  In  the 
iiAe  n  a  aamiw  capillary  stem  widened  at  the  top  and  provided  with  a 
as  tbciwn  in  the  figure*    On  this  tube  is  a  mark  m^  and  the  thermo- 
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melcr  stopper  having  been  inserted,  the  bottle  is  filled  with  water  exactly  to 
this  mark  at  each  weighing.  The  bottle  may  conveniently  have  dimensions 
such  that  when  the  thcimometer  stopper  is  inserted  and  the  liquid  filled  to 
the  mark  m^  it  represents  a  definite  volume.  This  is  done  by  filling  the 
bottle  when  wholly  under  water,  and  putting  in  the  stopper  while  it  is  im- 
mersed. The  bottle  and  the  tube  are  then  completely  filled,  and  the  quantity 
of  water  in  excess  is  removed  by  blotting-paper.  To  find  the  specific  gravity 
proceed  as  follows :     Having  weighed  the  powder,  place  it  in  one  of  the 

scale-pans,  and  with  it  the  bottle  filled  exactly 
to  w,  and  carefully  dried.  Then  balance  tt  by 
placing  small  shot,  or  sand,  in  the  other  pAZu 
Next,  remove  the  bottle  and  pcmr  the  powder 
into  it,  and,  as  before,  fill  it  up  with  water  to 
the  mark  a.  On  replacing  the  bottle  in  the 
scale -pan  it  xvill  no  longer  balance  the  shot, 
since  the  powder  has  displaced  a  volume  of 
water  equal  to  its  own  volume.  Place  weights 
in  the  scale -pan  along  with  the  bottle  und) 
they  balance  the  shot.  These  weights  give 
the  weight  of  the  water  displaced.  Thcji  the 
weight  of  the  powder,  and  the  weight  of  an 
equal  bulk  of  water  being  known,  its  specific 
gravity  is  determined  as  before.  The  thermo- 
meter gives  the  temperature  at  which  Uie 
determination  is  made,  and  thus  renders  it  t^sf 
lo  make  a  corrcclion  ( 1 24). 

It  is  important  in  this  determination  to  «• 
move  the  layer  of  air  which  adheres  to  the 
powder,  and  unduly  increases  the  quantity  of 
water  expelled.  This  is  effected  by  placing  the 
bottle  under  the  receiver  of  an  air-pump  and 
exhausting.  The  same  result  is  obtained  by 
boiling  the  water  in  which  the  powder  it 
placed. 

122.  Bodle*  Boltable  In  water. — Ifthebodyv 
whose  specific  gravity  is  to  be  determined  by 
any  of  these  methods,  is  soluble  in  water,  tbt 
determination  is  made  in  some  liquid  in  which 
it  is  not  soluble,  such  as  oil  of  turpentine  or  naphtha,  the  specific  graiity  of 
which  is  known.  The  specific  gravity  is  obtained  by  multiplying  the  number 
obtained  in  the  experiment  by  the  specific  gravity  of  the  liquid  used  for  thif 
determination. 

Suppose,  for  example,  a  determination  of  the  sj>ccific  gra\  ity  of 
has  been  made  in  naphtha.  For  equal  volumes,  P  represents  the 
the  potassium,  P'  that  of  the  naphtha,  and  P"  that  of  water  ;  ^consequcni 

^wtll  be  the  specific  gravity  of  the  substance  in  reference  to  naphtha,  and 
^y^the  specific  gravity  of  the  naphtha  in  reference  to  water.    The  prodoct 
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iif  these  two  fractions  ^~  is  the  specific  gravity  of  the  substance  compared 

widli  water. 

In  determining  the  specific  gravity  of  porous  substances,  they  are  varnished 
iwfere  being  immersed  in  water,  which  renders  them  impervious  to  moistui« 
ntbont  ahoring  their  volume. 

Spedfc grmtriiy  ofsoUds  at  gero  as  compared  with  distilled  water  at  f  C. 


Platinmn,  rolled    . 

.  22-069 

Statuary  marble 

.        .    a-837 

cast 

.  20337 

Aluminum 

.        .     2-680 

Gold,  stamped 

.  19*362 

Rock  crystal  . 

.     2-653 

„     cast     .        . 

.  19-258 

St  Gobin  glass 

.     2-488 

Lead,  cast     . 

•  "-352 

China  porcelain 

.     2-380 

Silver,  cast    . 

.  IO-474 

Sfevres  porcelain 

.     2*140 

Bismuth,  cast 

.    9-822 

Native  sulphur 

•     2-033 

Copper,  drawn  wire 

.    8-878 

Ivory     . 

.     1-917 

ft       cast. 

.    8788 

Anthracite 

.     1-800 

Brooxe  coinage 

.    8-66 

Compact  coal 

.     1-329 

German  silver 

.    8-432 

Amber   . 

.     1-078 

Brass 

.    8-383 

Sodium 

.    0970 

Steel,  not  hammered 

.    7-8i6 

Melting  ice     . 

.    0-930 

Iron,  bar 

.    7788 

Paraffin 

.    0-874 

^    cast 

.    7-207 

Potassium 

.    0865 

Tin,  cast 

.    7291 

Beech     . 

.    0-852 

Zinc,  cast 

.    6861 

Oak 

.     0845 

.\ntimony,  cast 

.    6712 

Elm 

.    0800 

Irxiine   . 

•    4-950 

Yellow  pine    . 

•     0-657 

Hca\->'  spar   . 

.    4430 

Lithium 

.    0-585 

Diamond               3-53 

1 103-501 

Common  poplar 

.     0-389 

Flint  glass     . 

.    3329 

Cork      . 

.    0-240 

In  this  table  the  different  woods  are  supposed  to  be  in  the  ordinary  air- 
dried  condition. 

izy  Sp«eifle  wnLrUy  of  liqnlds. — i.  Method 0/ the  hydrostatic  balance, 
Frrim  the  pan  of  the  hydrostatic  balance  a  body  is  suspended,  on  which 
d>e  liquid  whose  specific  gravity  is  to  be  determined  exerts  no  chemical 
action  :  for  example,  a  ball  of  platinum.  This  is  then  successively  weighed 
:n  a:-.  :n  distilled  water,  and  in  the  liquid.  The  loss  of  weight  of  the  body 
XT.  :>.«e  two  liquids  is  noted.  They  represent  respectively  the  weights  of 
t^ri^l  -.olumes  of  water  and  of  the  given  liquid,  and  consequently  it  is  only 
oec«tssar>-  to  divide  the  second  of  them  by  the  first  to  obtain  the  required 
specific  gravity. 

Let  P  be  the  weight  of  the  platinum  ball  in  air,  P'  its  weight  in  water,  P" 

ns  wtijht  in  the  given  liquid,  and  let  D  be  the  specific  gravity  sought.     The 

ne-rht  of  the  water  displaced  by  the  platinum  is  P-P',  and  that  of  the 

P  — P" 
vf.rr.d  liquid  is  P-P^',  from  which  we  get  D  » 

::.  Fakrenhtifs  hydrometer.— T\i\s  instrument  (fig.  92)  resembles  Nichol- 
vt:,  hydrometer,  but  it  is  made  of  glass,  so  as  to  be  used  in  all  liquids.    At 
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its  lower  extremity,  instead  of  a  pan,  it  is  loaded  with  a  small  bulb  cont 
mercury.    There  is  a  standard  mark  on  the  stem. 

The  weight  of  the  instrument  is  first  accurately  determined  in  ; 
is  then  placed  in  water,  and  weights  added  to  the  scale-pan  until  the 
on  the  stem  is  level  with  the  water.  It  follows,  from  the  first  princi 
the  equilibrium  of  floating  bodies,  that  the  weight  of  the  hydrometer,  to 
with  the  weight  in  the  scale-pan,  is  equal  to  the  weight  of  the  volume 
displaced  water.     In  the  same  manner  the  weight  of  an  equal  vok 

the  given  liquid  is  determined,  and  the  s 
gravity  is  found  by  dividing  the  latter  wei 
the  former. 

Neither  Fahrenheit's  nor  Nicholson's  \ 
meters  give  such  accurate  results  as  the  \ 
static  balance  or  the  specific  gravity  bottl 
iii.  Specific  gravity  bottle, — This  has 
already  described  (121).  In  determinii 
specific  gravity  of  a  liquid,  a  bottle  of  s 
construction  is  used ;  it  consists  of  a  cyliii 
reser\'oir  b  (fig.  93),  to  which  is  fused  a  ca 
tube  r,  and  to  this  again  a  wider  tube  a, 
with  a  stopper.  The  bottle  is  first  w< 
empty,  and  then  successively  full  of  wa 
the  mark  c  on  the  capillary  stem,  and 
given  liquid.  If  the  weight  of  the  hot 
subtracted  from  the  two  weights  thus  obt 
the  result  represents  the  weights  of 
volumes  of  the  liquid  and  of  water,  from  which  the  specific  gravity  is  oh 
by  division. 

iv.  Specific  gravity  bu/bs.— The  specific  gravity  of  a  liquid  is  oft 
termined  for  technical  and  even  scientific  purposes  by  means  of  : 
gravity  bulbs  \  these  are  small  hollow  glass  bulbs,  which  are  prepa 
series,  and  adjusted  so  that  they  just  float  in  a  liquid  of  a  definite  s 
gravity.  When  carefully  prepared  they  are  susceptible  of  considerable 
racy. 

Solutions  of  certain  metallic  salts  of  high  specific  gravity  have  bee 
for  the  mechanical  separation  of  individual  minerals  of  certain  rocks, 
minerals  will  float  or  sink  according  as  their  specific  gravities  are  lo 
higher  than  that  of  a  given  solution.  A  saturated  solution  of  the  > 
iodide  of  barium  and  mercur)',  the  specific  gravity  of  which  is  3*58,  ha 
used  for  this  purpose. 

1 24.  On  tiae  obserratton  of  temperature  la  ascertalBliiff  w\ 
irraTitlee. — .\s  the  volume  of  a  body  increases  with  the  temperatu 
as  this  increase  varies  with  difiercnt  substances,  the  specific  gravit>' 
given  body  is  not  exactly  the  same  at  different  temperatures ;  ant 
sequently,  a  certain  fixed  temperature  is  chosen  for  these  determin 
That  of  water,  for  example,  has  been  made  at  4°  C,  for  at  this  point 
the  greatest  density.  The  specific  gravities  of  other  bodies  are  assui 
be  taken  at  zero  ;  but,  as  this  is  not  always  possible,  certain  correction 
be  made,  which  we  shall  consider  in  the  Book  on  Heat. 
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becific  gravities  of  liquu 

is  at  zero 

compared  with  that  of  water  at  4®  C, 

as 

unity. 

Mercury 

.  13-598 

Sea  water 

1-026 

Bromine 

.     2*960 

Urine 

I -020 

Ethylic  iodide 

.     1*946 

Distilled  water  at  4° 

C.  . 

1x00 

Sulphuric  acid 

.     1-841 

at  0° 

C.  . 

0999 

Chloroform 

•     1-525 

Claret      . 

0-994 

Nitric  acid  . 

I  -420 

Olive  oil 

0-915 

Bisulphide  of  carbon 

.     1-293 

Oil  of  turpentine     . 

0-870 

Glycerine     . 

1-260 

Oil  of  lemon    . 

0-852 

Hydrochloric  acid 

1-240 

Petroleum 

0836 

Blood  . 

1-060 

Absolute  alcohol 

0-793 

Milk     .        .        .        . 

IX)29 

Ether       . 

0713 

125.  Vs«  of  tables  of  •pecillo  wnLyrWj. — Tables  of  specific  gravity 
admit  of  numerous  applications.  In  mineralogy  the  specific  gravity  of  a 
minend  is  often  a  highly  distinctive  character.  By  means  of  tables  of 
specific  gravities  the  weight  of  a  body  may  be  calculated  when  its  volume  is 
vT.'.wTi,  and  conversely  the  volume  when  its  weight  is  known. 

With  a  view  to  explaining  the  last-mentioned  use  of  these  tables,  it  will  be 

•  '"!  to  premise  a  statement  of  the  connection  existing  between  the  British 
-r.;:s  of  length,  capacity,  and  weight.     It  will  be  sufficient  for  this  purpose 

•  ■  define  that  which  exists  between  the  yard,  gallon,  and  pound  avoirdupois, 
r  --.c  other  measures  stand  to  these  in  well-known  relations.  The  yard^ 
.  T.-i-ting  of  36  inches,  may  be  regarded  as  the  primary  unit.  Though  it  is 
r^^'^.tially  an  arbitrar>' standard,  it  is  determined  by  this,  that  the  simple 
-.^'.-lulum  which  makes  one  oscillation  in  a  mean  second,  at  London  on  the 
vri-k-vel,  is  39-13983  inches  long.  The  ^ti/A?;/ contains  277*274  cubic  inches. 
A  ji!i"n  of  distilled  water  at  the  standard  temperature  weighs  ten  pounds 
i-.   M*ujK>is  or  70,000  grains  troy  ;  or,  which  comes  to  the  same  thing,  one 

•  .:  ; ;  inch  of  water  weighs  252*5  grains. 

Or.  the  French  system  the  metre  is  a  primar>' unit,  and  is  so  chosen 
•■  it  10.000,000  metres  are  the  length  of  a  quadrant  of  the  meridian  from 
"■■-er  fM'ile  to  the  equator.  The  metre  contains  10  decimetres^  or  \oo  centi- 
■K  trt'T.  or  1,000  millimetres;  its  length  equals  1*0936  yards.  The  unit 
•'  '\j:  measure  of  capacity  is  the  litre  or  cubic  decimetre.  The  unit  of 
^'  /ht  is  \\\i: gramjfte^  which  is  the  weight  of  a  cubic  centimetre  of  distilled 
'  iT'rr  at  4'  C.  The  kilogramme  contains  1,000  grammes,  or  is  the  weight 
•'  'X  decimetre   of  distilled   water  at  4°   C.     The  gramme   e(|uals    15*443 

If  V  is  the  number  of  cubic  centimetres  (or  decimetres)  in  a  certain 
::iri!:ty  of  distilled  water  at  4^  C,  and  P  its  weight  in  grammes  (or  kilo- 
.r:tn;mes  ,  it  is  plain  that  P  =  V.  Now  consider  a  substance  whose  specific 
.^a.ity  is  D  ;  ever>'  cubic  centimetre  of  this  substance  will  weigh  as  much 
*  \i  cu'jic  centimetres  of  water,  and  therefore  V  centimetres  of  this  sub- 
■'■.<:sj:  'A ill  weigh  as  much  as  DV  centimetres  of  water.  Hence  if  P  is 
".'-.  -':'.^:hl  of  the  substance  in  grammes,  we  have   P=  DV.     If,  however,  V 
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is  the  volume  in  cubic  inches,  and  P  the  weight  in  grains,  we  shall  ha\-c 
P- 252-5  DV. 

As  an  example,  we  may  calculate  the  internal  diameter  of  a  glass  tabe. 
Mercury  is  introduced,  and  the  length  and  weight  of  the  column  at  4^  C. 
are  accurately  determined.  As  the  column  is  cylindrical,  we  have  V-«r*ii 
where  r  is  the  radius,  and  /  the  length  of  the  column  in  centimetres.  Hence 
if  D  is  the  specific  gravity  of  mercury,  and  P  the  weight  of  the  column  in 
granmies,  we  have  P-irr^/D,  and  therefore 


-V, 


P  , 
irD/ 


If  r  and  /  are  in  inches  and 
and  therefore 


P  in  grains,  we  shall  have  P-252'5irr*/D, 


•v^ 


252-5irD/' 


In  a  similar  manner  by  weighing  a  given  length,  the  diameter  of  very  fine 
metal  wires  can  be  determined  with  great  accuracy. 

126.  BjdrometerB  of  rarlable  immeraion. — The  hydrometers  of 
Nicholson  and  Fahrenheit  are  called  hydrometers  of  constant  immersiam 
but  variable  weighty  because  they  are  always  inmiersed  to  the  same  extent^ 
but  carry  different  weights.  There  are  also  hydrometers  of  variable  imtmer- 
sion  but  of  constant  weight. 

127.  Beaiim6*s  lijdrometer. — This,  which  was  the  first  of  these  instru- 
ments, may  serve  as  a  type  of  them.  It  consists  of  a  glass  tube  {^,  94) 
loaded  at  the  bottom  with  mercury,  and  with  a  bulb  blown  in  the  middle. 
The  stem,  the  external  diameter  of  which  is  as  regular  as  possible,  is  hoUow^ 
and  the  scale  is  marked  upon  it. 

The  graduation  of  the  instrument  differs  according  as  the  liquid,  for 
which  it  is  to  be  used,  is  heavier  or  lighter  than  water.  In 
the  first  case,  it  is  so  constructed  that  it  sinks  in  water 
nearly  to  the  top  of  the  stem,  to  a  point  A,  which  is  marked 
zero.  A  solution  of  fifteen  parts  of  salt  in  eighty-five  |>arts  of 
water  is  made,  and  the  instrument  immersed  in  it  It  sinks 
to  a  certain  point  on  the  stem,  B,  which  is  marked  1 5  ;  the 
distance  between  A  and  B  is  divided  into  1 5  equal  parts,  and 
the  graduation  continued  to  the  bottom  of  the  stem.  Some- 
times the  graduation  is  on  a  piece  of  paper  inside  the 
stem. 

The  hydrometer  thus  graduated  only  scn-es  for  liquids 
of  a  greater  specific  gravity  than  water,  such  as  acids  and 
saline  solutions.  For  liquids  lighter  than  water  a  dififerent 
plan  must  l)c  adopted.  Beaumd  took  for  zero  the  point  to 
which  the  apparatus  sank  in  a  solution  of  10  parts  of  salt  in 
90  of  water,  and  for  10®  he  took  the  level  in  distilled  >»*ater. 
This  distance  he  divided  into  10®,  and  continued  the  division 
to  the  top  of  the  scale. 

Tweddeirs  hydrometer  is  in  common  use  in  England 
for  testing  liquids  denser  than  water.     It  is  graduated  in  such  a  manner 
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that  the  reading  or  number  of  degrees  multiplied  by  5  and  added  to  1,000 
gh^cs  the  specific  gravity  with  reference  to  water  at  1,000.  Thus  10** 
Tweddell  represents  the  specific  gravity  1050,  and  90°  represents  1450. 

The  graduation  of  these  hydrometers  is  entirely  conventional,  and  they 
gi^-e  neither  the  densities  of  the  liquids  nor  the  quantities  dissolved.  But 
they  are  very  useful  in  making  mixtures  or  solutions  in  given  proportions, 
and  in  evaporating  acids,  alkaline  liquids,  solutions  of  salts,  worts,  syrups, 
and  the  like  to  a  proper  degree  of  concentration,  the  results  they  give  being 
sufficiently  near  in  the  majority  of  cases. 

128.  Oaj-Xasmm's  alooboloineter. — This  instrument  is  used  to  deter- 
mine the  strength  of  spirituous  liquors  ;  that  is,  the  proportion  of  pure 
alcohol  which  they  contain.  It  differs  from  Beaum^s  hydrometer  in  the 
graduation. 

The  alcoholometer  is  so  constructed  that,  when  placed  in  pure  distilled 
iratcr,  the  bottom  of  its  stem  is  level  with  the  water,  and  this  point  is  zero. 
It  is  next  placed  in  absolute  alcohol,  which  marks  100°,  and  then  successively 
in  mixtures  of  alcohol  and  water  containing  10,  20,  30,  &c,  per  cent.  The 
divisions  thus  obtained  are  not  exactly  equal,  but  their  difference  is  not  great, 
and  they  are  subdivided  into  10  divisions,  each  of  which  marks  one  per  cent, 
of  absolute  alcohol  in  a  liquid.  Thus  a  brandy  in  which  the  alcoholometer 
*!  -od  at  48°  would  contain  48  per  cent,  of  absolute  alcohol,  and  the  rest 
*  >L:d  be  water. 

All  these  determinations  are  made  at  15®  C,  and  for  that  temperature 
■'r.Iy  are  the  indications  correct.  For,  other  things  being  the  same,  if  the 
:^'np>erature  rises,  the  liquid  expands,  and  the  alcoholometer  will  sink,  and 
'.rt  contrar)'  if  the  temperature  fall.  To  obviate  this  error,  Gay-Lussac  con- 
rTwCted  a  table  which  for  each  percentage  of  alcohol  gives  the  reading  of 
"*t  instrument  for  each  degree  of  temperature  from  0°  up  to  30°.  When  the 
•rvi^t  analysis  of  an  alcoholic  mixture  is  to  be  made,  the  temperature  of  the 

..-:id  is  first  determined,  and  then  the  point  to  which  the  alcoholometer  sinks 
n  iL  The  number  in  the  table  corresponding  to  these  data  indicates  the 
'^  rcentage  of  alcohol.     From  its  giving  the  percentage  of  alcohol,  this  is 

:'*en  called  the  centesimal  alcoholometer, 

129.  ftaliinetars. — Salimeters,  or  instruments  for  indicating  the  per- 
'.rr.-jijje  of  a  salt  contained  in  a  solution,  are  made  on   the  principle  of  the 

'T.tcsimal  alcoholometer.  They  are  graduated  by  immersing  them  in  pure 
^.ttcr  which  gives  the  zero,  and  then  in  solutions  containing  different  percent- 
tjts  of  the  salt,  and  marking  on  the  scale  the  corresponding  points.  These 
r^-tniments  are  open  to  the  objection  that  every  salt  requires  a  special 
r.-trument.  Thus  one  graduated  for  common  salt  would  give  false  indications 
*  a  solution  of  nitre. 

iMetometcrs  are  similar  instruments,  and  are  based  on  the  fact  that 
•".f:  average  density  of  a  good  natural  quality  of  milk  is  1*029.  Hence  if 
-Iter  is  added  to  milk,  it  will  indicate  a  lower  specific  gravity.  But  a 
■  miTKin  plan  of  adulteration  is  to  remove  cream  from  the  milk,  by  which 
"'  specific  gravity  is  increased,  and  then  add  water  so  as  to  reproduce  the 
"^^.nnal  density  ;  the  lactometer  will  not  reveal  a  fraud  of  this  kind.  Urino- 
^:--tcrx  arc  frequently  used  in  medicine  to  test  the  variations  in  the  density 
'•:  -rine,  which  accompany  and  characterise  certain  forms  of  disease. 
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130.  Banslmeter. — Rosseatis  densimeter  (fig.  95)  is  of  great  use,  in  many 
scientific  investigations,  in  determining  the  specific  gravity  of  a  small 
quantity  of  a  liquid.  It  has  the  same  form  as  Beaum^ 
hydrometer,  but  there  is  a  small  tube  AC  at  the  top 
of  the  stem,  in  which  is  placed  the  substance  to  be  de- 
termined. A  mark  A  on  the  side  of  the  tube  indicates 
a  measure  of  a  cubic  centimetre. 

The  instrument  is  so  constructed  that  when  AC  is 
empty  it  sinks  in  distilled  water  to  a  point,  B,  just  at 
the  bottom  of  the  stenu  It  is  then  filled  with  distilled 
water  to  the  height  measured  on  the  tube  AC,  which 
indicates  a  cubic  centimetre,  and  the  point  to  which  it 
now  sinks  is  20°.  The  interval  between  o  and  20  is 
divided  into  20  equal  parts,  and  this  graduation  b 
continued  to  the  top  of  the  scale.  As  this  is  of  uniform 
bore,  each  division  corresponds  to  ~  gramme  or  0105. 
To  obtain  the  density  of  any  liquid,  bile  for  ex- 
ample, the  tube  is  filled  with  it  up  to  the  nnutrk  A  ;  if 
the  densimeter  sinks  to  20^  divisions,  its  weight  if 
0*05  X  20'5  - 1  '025  ;  that  is  to  say,  that  with  equal  volumes,  the  weight  of  water 
being  i,  that  of  bile  is  ix^s.    The  specific  gravity  of  bile  is  therefore  1*025. 


Fig.  95. 
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CHAPTER  11. 
CAnLLAurv,  xinx)Sicosi^  urrusiON,  and  ABsoRpnoir. 

J.  Vn^mmrw  p^enotaeBA.— When  solid  bodies  axe  placed  in  contact 
I  Sqaidii,  pbeiiomerka  are  produced  wh  ich  are  classed  rnider  the  general  head 
f  pken^mtna^  because  they  are  best  seen  in  tubes  wliose  diameten 
AS  iQ  be  comparable  with  that  of  a  hair.    These  phenomena  are 
\  of  in  physics  under  the  head  of  capiUarity  w et^lkuj oitrmeHom ;  the 
'  rxprcstion  k  also  appHcd  to  the  force  which  produces  die  pbenomeMU 
•M  -^.  .»inITnriiy  ;u'.-  ^ . '. i  i ous,  but  may  all  be  referred 

\  of  die  attraction  of  the  liquid  molecules  for  each  other,  to  die 
between  dieae  molecules  and  solid  bodies.    The  foBowii^  are 
ttMe  of  liieae  phenomena: — 

When  a  body  b  placed  in  a  liquid  which  wets  it— for  example,  a  glass 
»d  in  water — the  liquid,  as  if  not  subject  to  the  laws  of  gravitation,  is  raised 
ipvards  against  the  sides  of  the  solid,  and  its  surface,  instead  of  being  hori- 
mtal,  becomes  slightly  concave  (fig.  96).     If,  on  the  contrary,  the  solid  is 


rig.  96.         Fig.  97. 


Fig.  98. 


Fig.  99. 


«K  which  is  not  moistenened  by  the  liquid,  as  glass  by  mercury,  the  liquid  is 
depressed  against  the  sides  of  the  solid,  and  assumes  a  convex  shape,  as 
>«?rwentcd  in  ^z,  97.  The  surface  of  the  liquid  exhibits  the  same  concavity 
«  c  mvexity  against  the  sides  of  a  vessel  in  which  it  is  contained,  accord- 
ing as  the  sides  arc  or  are  not  moistened  by  the  liquid. 

These  phenomena  are  much  more  apparent  when  a  tube  of  small 
*anetcr  is  placed  in  a  liquid.  And  according  as  the  tubes  are  or  are  not 
aoistcned  by  the  liquid,  an  ascent  or  a  depression  of  the  liquid  is  produced, 
'^wA  is  greater  in  proportion  as  the  diameter  is  less  (figs.  98  and  99). 

^"ben  the  tubes  arc  moistened  by  the  liquid,  its  surface  assumes  the 
^  of  a  concave  hemispherical  segment,  called  the  concave  meniscus 
\  98, ;  when  the  tubes  are  not  moistened,  there  is  a  convex  meniscus 
%'  99,'. 

132.  I*w»  •r  tMo  »a««at  ABd  d«Fi«ssloB  In  eapillair  tubes* — The 
*<^  o|^Klrtant  law  in  reference  to  capillarity  is  known  as  Juritis  law,    U 
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is  that  the  height  of  the  ascent  of  one  and  the  same  liquid  in  a  capillary  tube 
is  inversely  as  the  diameter  of  the  tube.  Thus,  if  water  rises  to  a  height  of 
30  mm.  in  a  tube  i  mm.  in  diameter,  it  will  only  rise  to  a  height  of  1 5  mm. 
in  a  tube  2  mm.  in  diameter,  but  to  a  height  of  300  mm.  in  a  tube  O'l  mm. 
in  diameter.  This  law  has  been  verified  with  tubes  whose  diameters  ranged 
from  5  mm.  to  0*07  mm.  It  presupposes  that  the  liquid  has  previously 
moistened  the  tube. 

The  nature  of  the  liquid  is  of  prime  importance ;  of  all  liquids  water  rises 
the  highest ;  thus  in  a  glass  tube  1*29  mm.  in  diameter,  the  heights  of  water, 
alcohol,  and  turpentine  are  respectively  23*  16,  9*18,  and  9*85  mm. 

The  height  to  which  a  liquid  rises  in  a  tube  diminishes  as  the  tempera- 
ture rises.  Thus  in  a  capillary  tube  in  which  water  stood  at  a  height  of 
307  mm.  at  0°,  it  stood  at  28-6  mm.  at  35**,  and  at  26  mm.  at  80**. 

Provided  the  liquid  moistens  the  tube,  neither  its  thickness  nor  its  nature 
has  any  influence  on  the  height  to  which  the  liquid  rises.  Thus  water  rises 
to  the  same  height  in  tubes  of  diflferent  kinds  of  glass  and  of  rock  cr>*stal, 
provided  the  diameters  are  the  same. 

In  regard  to  the  depression  of  liquids  in  tubes  which  they  do  not 
moisten,  Jurin's  law  has  not  been  found  to  hold  with  the  same  accuraq^. 
The  reason  for  this  is  probably  to  be  found  in  the  following  circumstances : — 
When  a  liquid  moistens  a  capillary  tube,  a  very  thin  layer  of  liquid  is  formed 
against  the  sides,  and  remains  adherent  even  when  the  liquid  sinks  in  the 
tube.  The  ascent  of  the  column  of  liquid  takes  place  then,  as  it  were,  inside 
a  central  tube,  with  which  it  is  physically  and  chemically  identical.  The 
ascent  of  the  liquid  is  thus  an  act  of  cohesion.  It  is  therefore  easy  to 
understand  why  the  nature  of  the  sides  of  the  capillary  tube  should  be 
without  influence  on  the  height  of  the  ascent,  which  only  depends  on  the 
diameter. 

With  liquids,  on  the  contrary',  which  do  not  moisten  the  sides  of  the  tube» 
the  capillary  action  takes  place  between  the  sides  and  the  liquid.  The 
nature  and  structure  of  the  sides  are  never  quite  homogeneous,  and  there  is 
always,  moreover,  a  layer  of  air  on  the  inside,  which  is  not  dissolved  by  the 
liquid.  These  two  causes  undoubtedly  exert  a  disturbing  influence  on  the 
law  of  Jurin. 

1 33.  Jksoent  and  depressioo  between  parallel  or  iocliaed  uaw  ftiu— ■ 
When  two  bodies  of  any  given  shape  are  dipped  in  water,  analogous  phe> 
nomcna  arc  produced,  provided  the  bodies  are  sufficiently  near.  If^  for 
example,  two  parallel  glass  plates  are  immersed  in  water  at  a  ver>'  small 
distance  from  each  other,  water  will  rise  between  the  two  plates  in  the 
inverse  ratio  of  the  distance  which  separates  them.  The  height  of  the 
ascent  for  any  given  distance  is  half  what  it  would  be  in  a  tube  whose  dia- 
meter is  equal  to  the  distance  between  the  plates. 

If  the  parallel  plates  are  immersed  in  mercury,  a  corresponding  depression 
is  produced,  subject  to  the  same  laws. 

If  two  glass  plates  .\B  and  AC,  with  their  planes  vertical  and  inclined  la 
one  another  at  a  small  angle,  as  represented  in  fig.  100,  have  their  ends 
dipped  into  a  liquid  which  wets  them,  the  liquid  will  rise  between  them. 
The  elevation  will  be  greatest  at  the  line  of  contact  of  the  plates  and  from 
f/7e/7ce^'radually  less,  the  surface  taking  the  form  of  an  equilateral  h>'perbol% 


-»«1 


Curvature  of  Liquid  Surfaces, 


lis 


whose  asymptotes  are  respectively  the  line  of  intersection  of  the  plates,  and 
die  line  in  which  the  plates  cut  the  horizontal  surface  of  the  liquid. 

If  a  drop  of  water  be  placed  within  a  conical  glass  tube  whose  angle  is 
small  and  axis  horizontal,  it  will  have  a  concave  meniscus  at  each  end 


Fig.  zoo. 


Fig.  loi. 


Fig.  loa. 


'%  loi),  and  will  tend  to  move  towards  the  vertex.  But  if  the  drop  be  of 
Btmiry  it  will  have  a  convex  meniscus  at  each  end  (fig.  102),  and  will  tend 
to  mwe  from  the  vertex. 

134.  Can»e  of  tbe  enrvmtnre  of  liquid  surfaces  in  contact  witb  solids. 

TSc  form  of  the  surface  of  a  liquid  in  contact  with  a  solid  depends  on  the 
rtlition  between  the  attraction  of  the  solid  for  the  liquid,  and  of  the  mutual 
arj-action  between  the  molecules  of  the  liquid. 

Let  iw  be  a  liquid  molecule  (fig.  103)  in  contact  with  a  solid.  This 
noitrule  is  acted  upon  by  three  forces  :  by  gravity,  which  attracts  it  in  the 
'.'tr.V'Ti  of  the  vertical  ///P  ;  by  the  attraction  of  the  liquid  F,  which  acts  in 
'■-■*.  d:reaion  mT  ;  and  by  the  attraction  of  the  plate  w,  which  is  exerted  in 
"*■  crecrion  mn.  According  to  the  relative  intensities  of  these  forces,  their 
^i/ar.:  can  take  three  positions  : — 

i.  The  resultant  is  in  the  direction  of  the  vertical  ;/zR  (fig.  103).  In  this 
•i'*  the  surface  ///  is  plane  and  horizontal  ;  for,  from  the  condition  of  the 
•".-'.liVium  of  liquids,  the  surface  must  be  perpendicular  to  the  force  which 
^'*'-  ':.T^\T\  the  molecules. 

:.  If  the  force  n  increases  or  F  diminishes,  the  resultant  R  is  within  the 
i'r>  nmV    h'^.  104) ;  in  this  case  the  surface  takes  a  direction  perpendicular 

«rk,  and  Ixicomcs  concave. 

•.:l  If  the  force  F  increases  or  n  diminishes,  the  resultant  R  takes  the 


*    *» 

^  -. .  i  .V.  '-  - 

-  -^  -~^v  "i 
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Fig.  104. 


Fig.  105. 


'^^erion  wR  'fig.  105)  within  the  angle  P;//F,  and  the  surface,  becomin«^ 
?^JT«ndirular  to  this  direction,  is  convex. 
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Fig.  107. 


135.  Zaflnenee  of  enrratiire  on  eapillmiy  pbenomena. — The  elevation 

or  depression  of  a  liquid  in  a  capillary  tube  depends  on  the  concavity  or 

convexity  of  the 
meniscus.  In  a 
concave  menis- 
cus, abed  (fig. 
106),  the  liquid 
molecules  are 
sustained  in  equi- 
librium by  the 
forces  acting  on 
them,  and  they 
exert  no  down- 
ward pressure  on  the  inferior  layers.  On  the  contrar>',  in  virtue  of 
molecular  attraction,  they  act  on  the  nearest  inferior  layers,  from  which  it 
follows  that  the  pressure  on  any  layer,  w/i,  in  the  interior  of  the  tube,  is  leas 
than  if  there  were  no  meniscus.  The  consequence  is  that  the  liquid  risn 
in  the  tube  until  the  internal  pressure  on  the  layer  mn  is  equal  to  the  pressure 
op^  which  acts  externally  on  a  point  /  of  the  same  layer. 

Where  the  meniscus  is  convex  (fig.  107),  equilibrium  exists  in  virtue  of 
the  molecular  forces  acting  on  the  liquid  ;  but  as  the  molecules  whidi 
would  occupy  the  same  space  ghiky  if  there  were  no  molecular  action,  do 
not  exist,  they  exert  no  attraction  on  the  lower  layers.  Consequently,  tlie 
pressure  on  any  layer  w/i,  in  the  interior  of  the  tube,  is  greater  than  if  the 
space  ghik  were  filled,  for  the  molecular  forces  are  more  powerful  than 
gravity.  The  liquid  ought,  therefore,  to  sink  in  the  tube  until  the  internal 
pressure  on  a  layer,  mn^  is  equal  to  the  external  pressure  on  any  point,  /,  of 
this  layer. 

136.  Teosioo  of  tlie  free  smmiMe  of  liquids. — The  free  surface  of  a 
liquid  is  that  which  is  bounded  by  a  gas  or  by  vacuum ;  it  has  greater 
cohesion  than  any  layer  of  the  liquid  in  the  interior.  For  consider  any  par- 
ticle at  the  surface,  it  will  be  attracted  by  the  adjacent  particles  in  all  directioiis 
except  in  those  above  the  surface.  The  attractions  acting  laterally  will  cooft- 
pensate  each  other  ;  and  as  there  are  no  attractions  exerted  by  the  partidet 
of  the  liquid  above  the  surface  to  counteract  those  acting  from  the  interioi^ 
the  latter  will  exercise  a  considerable  pull  towards  the  interior.  The  efled 
of  this  is  to  lessen  the  mobility  of  particles  on  the  surface,  while  those  in  die 
interior  are  quite  mobile  ;  the  surface  is  stretched,  as  it  were,  by  an  elastic 
skin,  the  effect  being  the  same  as  if  the  surface  layer  exerted  a  pressure  on 
the  interior.  This  surface  tension^  as  it  is  called,  is  greater,  the  greater  the 
cohesion  of  the  liquid. 

When  the  surface  of  a  liquid  increases,  more  particles  enter  into  the 
condition  of  the  surface  layer,  to  effect  which  a  certain  amount  of  work  is 
required.  On  the  other  hand,  when  the  surface  is  diminished,  the  molecules 
pass  into  the  state  of  the  internal  layer,  and  they  perform  work.  The  work 
done  when  a  square  mm.  of  surface  passes  into  the  interior  is  called  the 
eoefficient  of  surface  tension. 

The  surface  tension  depends  on  the  form  of  the  surface.     It  has  bees 
determined  in  the  case  of  spheroidal  lx)dies.    If  the  pressure  which  is  exerted 


Fig.  108. 
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oo  ^  plane  surface  be  called  P,  the  pressure  /,  on  a  spherical  surface  of 

radius  ^  is  /  -  P  4  ^  for  convex,  and  /  -  P  -  ?r  for  concave  surfaces. 

Hence  for  a  spheroidal  shell,  the  internal  radius  OA  of  which  is  p,  and 

its  thickness  AB  =  d^  the  pressure  of  the  outer  layer  is  /  =  P  +  3^     and  of 

p  +  a 

the  inner  layer  /j  -  P  -  ?r,  and  the  resultant  is  their 
9 

fiflcrence ---?-+   ^;  a  pressure    exerted    inwards, 
p  +  ^     p 

snce  P^Px"    This  is  well  illustrated  by  blowing  a  soap- 

tnbble  on  a  glass  tube.     So  long  as  the  other  end  of 

the  tube  is  closed,  the  bubble  remains,  the  elastic  force 

of  the  enclosed  air  counterbalancing  the  tension  of 

the  surface  ;  but  when  the  tube  is  opened,  the  tension 

€f  the  surface  being  unchecked,  the  bubble  gradually  contracts  and  finally 

disappears. 

Insects  can  often  move  on  the  surface  of  water  without  sinking.  This 
pbenomenon  is  caused  by  the  fact  that,  as  their  feet  are  not  wetted  by  the 
water,  a  depression  is  produced,  and  the  elastic  reaction  of  the  surface  layer 
k«ps  them  up  in  spite  of  their  weight.  Similarly  a  sewing-needle,  gently 
placed  on  water,  does  not  sink,  because  its  surface,  being  covered  with  an 
ojy  layer,  does  not  become  wetted.  The  pressure  of  the  needle  brings 
i'xu:  a  concavity,  the  surface  tension  of  which  acts  in  opposition  to  the 
»t.^ht  of  the  needle.  But  if  washed  in  alcohol  or  in  potash,  the  metal  is 
•cr.cd  and  at  once  sinks  to  the  bottom. 

Among  the  phenomena  due  to  surface  tension  may  be  mentioned  the  well- 
kronn  one  of  the  *  tears  of  wine.'  The  surface  tension  of  water  in  contact 
»  'h  air  is  greater  than  that  of  any  other  liquid  except  mercury.  It  is  more 
:l"-:tn  three  times  as  great  as  that  of  alcohol.  When  a  wine-glass  is  half-filled 
*th  a  strong  wine,  the  wine  rises  up  against  the  sides  like  any  other  liquor  ; 
:v.  the  alcohol  evaporates  rapidly  from  the  surface,  the  consequence  of  which 
^  r'r^at  the  liquid  layer  becomes  more  watery.  Near  the  surface  of  the 
-(;'j:<i  the  strength  of  the  liquid  layer  is  kept  up  by  diffusion,  but  higher  up, 
«"rn;,'  to  the  increased  surface  tension  of  the  more  aqueous  wine,  it  creeps  up 
ihf  «ides  and  draws  with  it  some  of  the  stronger  alcoholic  liquid  below,  the 
ncrpasing  weight  of  which  ultimately  causes  it  to  break  and  run  down   in 

If  a  thin  layer  of  water  be  spread  on  a  plate,  and  a  drop  of  ether  be 
pUftd  uprm  it,  the  water  retreats  from  the  drop.  Here,  instead  of  the  sur- 
^'-.  tension  between  water  and  air,  we  have  that  between  water  and  ether, 
vSich  is  smaller  ;  the  effect  is  much  the  same  as  if  there  were  a  tightly 
latched  india-rubber  skin,  and  a  portion  of  it  were  then  softened  or  made 
tr.T.ner. 

137.  Vartoos  capillarj' phenomena. — The  attractions  and  repulsions 
^"^ytr,^  between  bodies  floating  on  the  surface  of  licjuids  find  their  expla- 
'-iti'.r.  in  the  concave  or  convex  curvature  which  the  liquid  assumes  in  con- 
lact  A^h  the  sf>lid.     The  following  are  some  of  them. 

When  two  floating  balls  both  moistened  by  the  liquid— for  example^  cork 
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upon  water — arc  so  near  that  the  liquid  surface  between  them  is  not  level, 
an  attraction  takes  place.  The  same  effect  is  produced  when  neither  of  the 
balls  is  moistened,  as  is  the  case  with  balls  of  wax  on  water. 

Lastly,  if  one  of  the  balls  is  moistened  and  the  other  not,  as  a  ball  of  cork 
and  a  ball  of  wax  in  water,  they  repel  each  other  if  the  curved  surfaces  of  the 
liquid  in  their  respective  neighbourhoods  intersect 

A  drop  of  mercury  on  a  table  has  a  spherical  shape,  which,  like  that  of 
the  heavenly  bodies,  is  due  to  attraction.  The  globule  of  mercur>'  behaves 
as  if  its  molecules  had  no  weight,  since  it  remains  spherical  That  is,  the 
molecular  attraction  is  far  greater  than  the  weight,  which  only  alters  the 
shape  of  the  globule  if  the  quantity  of  mercury  is  much  greater  ;  it  then 
flattens,  but  always  retains  at  its  edge  the  convex  form  which  molecular 
attraction  imparts  to  it.  A  liquid  immersed  in  another,  with  which  it  does 
not  mix,  of  exactly  the  same  specific  gravity,  such  as  olive  oil  in  a  mixture 
of  alcohol  and  water,  assumes  the  spherical  form. 

To  this  cause  also  is  due  the  spherical  form  acquired  by  small  masses  of 
liquid  which  fall  through  great  heights,  such  as  rain-drops,  and  molten  lead  in 
casting  small  shot. 

When  a  capillary  tube  is  immersed  in  a  liquid  which  moistens  it,  and 
is  then  carefully  removed,  the  column  of  liquid  in  the  tube  is  seen  to  be  twice 
as  long  as  while  the  tube  was  immersed  in  the  liquid.  This  arises  from 
the  fact  that  a  drop  adheres  to  the  lower  extremity  of  the  tube  and  forms  a 
convex  meniscus,  which  concurs  with  that  of  the  upper  meniscus  to  form  a 
longer  column  (131). 

For  the  same  reason  a  liquid  does  not  overflow  in  a  capillary  tube» 
although  the  latter  may  be  shorter  than  the  liquid  column  which  would 
otherwise  be  formed  in  it.  For  when  the  liquid  reaches  the  top  of  the  tube, 
its  upper  surface,  though  previously  concave,  becomes  convex,  and,  as  the 
downward  pressure  becomes  greater  than  if  the  surface  were  plane,  the 
ascending  motion  ceases. 

It  is  from  capillarity  that  oil  ascends  in  the  wicks  of  lamps,  that  u*ater 
rises  in  woods,  sponge,  bibulous  paper,  sugar,  sand,  and  in  all  bodies  which 
possess  pores,  of  a  perceptible  size.  In  the  cells  of  plants  the  sap  rises  m-ith 
great  force,  for  here  we  have  to  do  with  vessels  whose  diameter  is  less  than 
0*01  mm.  Efflorescence  of  salts  is  also  due  to  capillarity  ;  a  solution  risin|^ 
against  the  side  of  a  vessel,  the  water  evaporates,  and  the  salt  forms  on  the 
side  a  means  of  furthering  still  more  the  ascent  of  a  liquid.  Capillarity  is, 
moreover,  the  cause  of  the  following  phenomenon  : — When  a  porous  sub* 
stance,  such  as  gypsum,  or  chalk,  or  even  earth,  is  placed  in  a  porous  vessel 
of  unbaked  porcelain,  and  the  whole  is  dipped  in  water,  the  water  penetrates 
into  the  pores,  and  the  air  is  driven  inwards,  so  that  it  is  under  four  or  five 
times  its  usual  pressure  and  density.  Jamin  has  proved  this  by  cementiq^ 
a  manometer  into  blocks  of  chalk,  gypsum,  &c.,  and  he  has  made  it  probable 
that  a  pressure  of  this  kind,  exerted  upon  the  roots,  promotes  the  ascent  of 
sap  in  plants. 

138.  Betarmlnatloo  of  tlie  ooostant  of  oapillarity. — This  determination 
may  be  effected  in  various  ways,  of  which  the  simplest  and  perhaps  the  most 
accurate  is  that  of  the  measuring  the  ascent  of  a  liquid  in  capillary  tubes. 
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Tm  dits  purpose  capillary  tubes  of  glass  are  used,  the  diameter  of  which  is 
ddermined  by  introducing  a  thread  of  mercury'  into  the  tube 
ascertaining  the  weight  of  a  given  length  (125). 

hei^t  to  which  the  liquid  rises  in  the  capillary 
may  be  read  off  by  a  catheiometer,  A  simpler  ar- 
l  IS  the  following  (tig.  109),  The  capillar)^  tube 
to  a  strip  of  opaque  glass,  graduated  in  miili* 
Tli«  lower  end  of  the  tube,  which  is  fixed  in  a 
kbie  svpport^  is  first  dipped  in  a  small  vessel  of  the 
and  then  the  mo\'abIc  steel  point  /,  being  placed 
the  zero  of  the  graduation,  liquid  is  added  drop 
bf  dvopimlll  its  level  just  grazes  the  point.  In  order  that 
Bqukl  nwy  properly  moisten  the  tube  completely  it  is 
~  Q|>  by  means  of  a  caoutchouc  tube  beyond  the  height 
m  i^ndi  it  finally  stands.    This  height  may  be  read  off  by  a 

fa  the  case  of  a  liquid  which  wets  the  tube,  the  force 

^Aidt  Imlds  up  the  hquid  in  the  tube  is  the  surface  tension, 

•  actiii^    along    the    cross-section  of    the   tube ;   that  is, 

igm^  whcfe  r  ts  the  diameter  of  the  tube.     This  force  is 

i^ol  to  the  weight  of  the  column  of  liquid,  which  is  nr^ks^ 

Jk  IS  the  height  of  the  column  of  tiquid,  and  s  its 

An 
l^imvity.    From  this  we  get  o  =  -^,  and  for  water, 

Ar 
jbmiityi  a  -  -      This,  which  is  known  as  the  ra/ZA 

kry  cfmsiatU^  gives  the  weight  supported  by  the   unit   of 
wltt^  IS  usually  taken  at  a  millimetre.   The  following 
oC  the  values  expressed  in  milligrammes  : —  '     fig.  109. 


Water  . 

.     7 '24 

Turf)entine 

MydrochJoHc  acid 

'     7-15 

Petroleum 

Ob%^  oil 

327 

Alcohol 

139.  BailaiiiHiiii  and  mmomtxkamm. — When  two  different  liquids  are  sepa- 
nati  by  a  thin  p>rous  panilion,  either  inorganic  or  organic,  a  current  sets 
v^ooi  eacJ  '  tlie  other;  to  these  currents  the  names  cndosmose 

mi  ermsmps  ijeclivcly  given.     These  terms,  which  ^\^\iy  impulse 

pm  wkMm  aod  impulse  from  without^  were  originally  introduced  by 
wbo  fa%\  drew  attention  to  these  phenomena.  The  general 
may  be  termed  diosnwst.  They  may  be  well  illustrated  by 
■oa^  of  ihc  tndmmemtier.  This  consists  of  a  long  tube,  at  the  end  of 
Hid!  a  neinbciuunis  bag  is  firmly  bound  (fig.  no).  The  bag  is  then  filled 
vok  m  ayoQg  tyitipt  or  some  other  solution  denser  than  water,  such  as  milk 
^iHnaritft,  aod  it  immersed  in  water.  The  liquid  is  found  gradually  to  rise 
tttelsbe,  lo  a  height  which  may  attain  several  inches  ;  at  the  same  time 
He  lard  el  the  liquid  rn  which  the  endos^nometer  is  immersed  becomes 
lasiCp  It  JbOows^  thexeforct  that  some  of  the  external  liquid  has  passed 
membrane  and  has  mixed  with  the   internal   liquid.      The 
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external  liquid,  moreover,  js  found  to  contain  some  of  the  internal  liquid. 
Hence  two  currents  have  been  produced  in  opposite  directions.  The  flow 
of  the  liquid  towards  that  which  increases  in  volume  is  endosmose^  and  the 
current  in  the  opposite  direction  is  txosmose.  If  water  is  placed  in  the  hag, 
and  immersed  in  the  syrup,  endosmosc  is  produced  from  the  water  towards 
the  syrup,  and  the  liquid  in  the  interior  diminishes  in  volume  while  the  lc\-el 
of  the  exterior  is  raised. 

The  phenomena  of  endosmosc  arc  explained  asfollow*s  : — The  diaphragm 
is  made  up  of  numerous  capillary  apertures,  and  according  to  the  difference 
in  the  molecular  attraction  of  its  material  for  diflfcrent  liquids  it  absorbs 
different  quantities  of  them.  Thus  Liebig  found  that  in  24  hours  icx> 
grammes  of  dry  ox-bladder  absorbed  268  grammes  of  water,  or  jjj  grammes 
of  solution  of  chloride  of  sodium.  If,  therefore,  such  a  bladder  separates* 
water,  and  solution  of  salt,  it  will  absorb  both,  but  water  in  larger  quanti- 
ties. These  liquids  will  now  be  withdrawn  from  the  bladder  by  the  different 
liquids  on  the  two  sides,  but  in  unequal  quantiiies,  for  the  quantities  preseot 
in  the  bladder  are  different.  Hence  more  water  will  pass  in  one  direction 
than  in  the  other. 

The  height  of  the  ascent  in  the  endosmometer  varies  with  different  liquids^ 
Of  all  vegetable  substances,  sugar  is  that  which,  for  the  same  den^ity^  \m& 

the  greatest  power  of  endosmosc,  while 
albumen  has  the  highest  power  of  all  animal 
substances.  In  general  it  may  be  sakl  that 
endosmosc  takes  place  towards  the  denser 
liquid.  Alcohol  and  ether  form  an  cxcepcioa 
to  this ;  they  behave  like  liquids  which  are 
denser  than  water.  With  acids,  according 
as  they  are  more  or  less  dilute,  the  endosmose 
is  from  the  water  towards  the  acid,  or  from 
the  acid  towards  the  water. 

It  is  necessary  for  the  production  of 
endosmosc— (i.)  that  the  liquids  be  diffcrcni 
but  capable  of  mixing,  as  alcohol  and  waier 
— there  is  no  diosmose,  for  instance,  with 
water  and  oil  ;  (ii.)  that  the  liquids  be  vi 
different  densities  ;  and  (iii.)  that  tlie  tuna* 
brane  must  be  permeable  to  at  lenst  one  iC 
the  substances- 

I'he  current  through  thin  inorganic 
is  feeble,  but  continuous,  while  organic 
branes  are  rapidly  decomposedi  and 
then  ceases. 

The  well-known  fact  that  dilute 
t,^,  i,c,  kept   in   a  porous  vessel  becomes  1 

t rated  depends  on  etidosmosc.     If  a 
of  alcohol  and  water  be  kept  for  some   lime  in   a  bladder,  the 
diminishes,  bnt  the  alcohol  becomes  much  more  concentrated.     The 
doubtless  is  that  the  bladder  permits  the  diosmose  of  water  rather  than 
of  alcohol 
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Dtttfochcr's  methcxi  is  not  adapted  for  quantitative  measurements,  for  it 
\  not  take  mto  account  the  hydrostatic  pressure  produced  by  the  column. 
eaaunined  the  endosmose  of  various  liquids  by  determining  the 
Ixcs  of  tlie  bodies  diifused.     He  calls  the  endosm&tic  equivalent  o(  a  sub- 
the  ntimber  which  expresses  how  many  parts  by  weight  of  water  pass 
I  tte  bladdef  in  exchange  for  one  part  by  weight  of  the  substance.  The 
:  arc  some  of  the  endosmotic  equivalents  which  he  determined^ 


Sulphate  of  copper  , 

„  magnesium 

Caustic  potass . 


Solphitric  acid  .      0-4 

AJoohol .        .        ,        >      4'2 
Chloride  of  sodium       .      43 
Sosar    ....      7*1 
Be  also  {bond  that  the  endosmotic  equi%'alent  increases  with  the  temperature^ 
tlie  qctasitities  of  substances  which  pass  in  equal  times  through  the 
arc  proportional  to  the  strengths  of  the  solulions, 
140^  aiAMloo  of  UatUdm.— If  oil  be  poured  on  water  no  tendency  to 
15  ob5^cr\ed,  and  even  if  the  two  liquids  be  violently  agitated  to- 
allowing  them  to  stand,  two  separate  layers  are  formed.     With 
and  water  the  case  is  different  ;  if  alcohol^  which  is  specifically 
Tp  be  poured  upon  water,  the  liquids  gradually  intermix,  in  spite  of  the 
of  the  specific  gravities  :  they  diffuse  into  one  another. 
Thi»  point  may  be  illustrated  by  the  experiment  represented  in  fi%.  i  r^ 
A. Ill  jar  cnntains  water  coloured  by  solution  of  blue  litmus  ;  by  means  of 
a  teftd  Kitnc  dilute  sulphuric  acid  is  carefully  poured  in^  so  as  to  form  a 
^tfitti>e  bottfwn  :  the  colour  of  the  solution  is  changed  into  red,  pro- 
itpfwardi,  and  after  forty-eight  hours  the  change  is  complete— a 
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was  dosed  by  a  thin  glass  disc  and  placed  in  a  larger  vessel  B,  in  wbicb 
wafer  was  poured  to  a  height  of  about  an  inch  above  the  top  of  the  bottle. 
The  disc  was  carefully  removed,  and  then  'after  a  given  time  successive 
layers  were  carefully  drawn  off  by  means  of  a  siphon  or  pipette,  and  tbcir 
oon tents  examined. 

The  general  results  of  these  investigations  may  be  thus  stated  : — 

i.  When  solutions  of  the  same  substance,  but  of  different  strengths,  are 
taken,  the  quantities  diffused  in  equal  times  are  proportional  to  the  strengths 
of  the  solutions. 

iL  In  the  case  of  solutions  containing  equal  weights  of  different  substances^ 
the  quantities  diflused  vary  with  the  nature  of  the  substances.  Saline 
substances  may  be  di\^dcd  into  a  number  of  equidiffusivs  groups^  the  rates 
of  diffusion  of  each  group  being  connected  with  the  others  by  a  simple 
numerical  relation. 

iiL  The  quantity  diffused  varies  with  the  temperature.  Thus,  taking  the 
rate  of  diffusion  of  hydrochloric  acid  at  1 5°  C.  as  unity,  at  49*  C,  it  is  2*i8, 

iv.  If  two  substances  which  do  not  combine  be  mixed  in  solution,  tbcy 
may  be  partially  separated  by  diffusion,  the  more  diffusive  one  passing  oot 
most  rapidly.  In  some  cases  chemical  decompiosition  even  may  be  effected 
by  diiluston.  Thus,  bisulphatc  of  potassium  is  decomposed  into  ^ec  sulphitric 
acid  and  neutral  sulphate  of  potassium. 

V.  If  liquids  be  dilute,  a  substance  will  diffuse  into  water  contatnbi^ 
another  substance  dissolved,  as  into  pure  water  \  but  the  rate  is  materially 
reduced  if  a  portion  of  the  same  diffusing  substance  be  already  prcscni. 

The  following  table  gives  the  approximate  times  of  equal  diffusion  : — 


Hydrochloric  acid 
Chloride  of  sodium 
Sugar . 


Sulphate  of  magnesium  .       7x> 
Albumen.  49x> 

Caramel  ,  •)St> 


It  will  be  seen  from  the  above  table  that  the  difference  between  the  nites 
of  diffusion  is  very  great.  Thus  sulphate  of  magnesium,  one  of  the  least 
diffusible  saline  substances,  diffuses  7  times  as  rapidly  as  albumen  and  14 
times  as  rapidly  as  caramel.  These  last  substances,  like  hydrated  silicic 
acid,  starch,  dextrine,  gum,  die,  constitute  a  class  of  substances  which  arc 
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ChftfftCtcrised  by  their  incapacity  for  taking  the  cr>stallinc  form,  and  bjrl 
mudkiginofus  character  of  their  hydrates.     Considering  gelatine  as  the  I 
of  this  dass«  Gmham  has  proposed  to  cmll  them  coihidi  (jc^XXi^,  glue),  in  aMi- 


liie  flwtt  put  bodies  of  high  moleciifaur  weight,  and  it  is  probably  the 
BiedFtibetr  mdecnles  which  hinders  their  passing  through  minute 


has  pn^osed  a  method  of  separadng  bodies  based  on  their  un- 
equal &baStS&tf^  which  he  calls  dialysis.  His  dialyser  (fig.  113)  connsts  of 
arinffof  gottarpercha,  over  which  is  stretched  while  wet  a  sheet  di  parch- 
r,  finnung  thus  a  vessel  about  two  indies  high  and  ten  inches  in 
^Sb/t  bottom  of  which  is  of  paichment-paper.  After  pouring  in  the 
to  be  dialysed,  the  whole  is  floated  on  a  vessel  containing  a 
ffsy  laife  quantity  of  water  (fig.  .1 14).  In  ihe  course  of  one  or  two  days  a 
move  or  leas  complete  separation  will  have  been  effected.  Thus  a  solution 
cfaneBioa  add  miied  with  vwrkmskmds  of  food  ivadilydifib^  The 

has  leceifcd  fanportant  applications  to  laboratcny  and  phannaceutical 


plays  a  most  unpoftant  part  in  oiganic  life ;  the  cell-walte  are 
tiumg^  wliidi  the  Ikpiids  in  tiie  cells  set  up  diosmotic  ami- 
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CHAPTER   III. 

HYDRODYNAMICS. 

141.  Bydrodynamlos. — The  science  which  treats  of  the  motion  of  liquids 
is  called  hydrodynamics ;  and  the  application  of  the  principles  of  this  science 
to  conducting  and  raising  water  in  pipes  and  to  the  use  of  water  as  a  motive 
power  is  known  by  the  name  of  hydraulics, 

142.  Veloolty  of  ernuz.  Torrioelll's  tbeorem. — Let  us  imagine  aa 
aperture  made  in  the  bottom  of  any  vessel,  and  consider  the  case  of  a  par- 
ticle of  liquid  on  the  surface,  without  reference  to  those  which  are  beneath. 
If  this  particle  fell  freely,  it  would  have  a  velocity  on  reaching  the  orifice 
equal  to  that  of  any  other  body  falling  through  the  distance  between  the 
level  of  the  liquid  and  the  orifice.  This,  from  the  laws  of  falling  bodies,  is 
sjigh^  in  which  g  is  the  accelerating  force  of  gravity,  and  h  the  height  If 
the  liquid  be  maintained  at  the  same  level,  for  instance  by  a  stream  of  water 
running  into  the  vessel  sufficient  to  replace  what  has  escaped,  the  particles 
will  follow  one  another  with  the  same  velocity,  and  will  issue  in  the  form  of 
a  stream.  Since  pressure  is  transmitted  equally  in  all  directions,  a  liquid 
would  issue  from  an  orifice  in  the  side  with  the  same  velocity  provided  the 
depth  were  the  same. 

The  law  of  the  velocity  of  efflux  was  discovered  by  Torricelli.  It  may  be 
enunciated  as  follows  : — The  velocity  of  efflux  is  the  velocity  which  a  freely 
falling  body  would  have  on  reaching  the  orifice  after  having  started  from 
a  state  of  rest  at  the  surface.  It  is  algebraically  expressed  by  the  formula 
v=s/2gh. 

It  follows  directly  from  this  law  that  the  velocity  of  efflux  depends  on  the 
depth  of  the  orifice  below  the  surface,  and  not  on  the  nature  of  the  liquid. 
Through  orifices  of  equal  size  and  of  the  same  depth,  water  and  mercury 
would  issue  with  the  same  velocity,  for  although  the  density  of  the  latter 
liquid  is  greater,  the  weight  of  the  column,  and  consequently  the  pressure,  is 
greater  too.  It  follows  further  that  the  velocities  of  efflux  are  directly  pro- 
portional to  the  square  roots  of  the  depth  of  the  orifices.  Water  would  issue 
from  an  orifice  100  inches  below  the  surface  with  ten  times  the  velocity  with 
which  it  would  issue  from  one  an  inch  below  the  surface. 

The  quantities  of  water  which  issue  from  orifices  of  different  areas  are 
ver>'  nearly  proportional  to  the  size  of  the  orifice,  provided  the  level  remains 
constant. 

143.  Blreotlon  of  tlie  jet  from  laterml  ort floes. — From  the  principle  of 
the  equal  tronsmission  of  pressure,  water  issues  from  an  orifice  in  the  side  of 
a  vessel  with  the  same  velocity  as  from  an  aperture  in  the  bottom  of  a  \*essel 


M  tlie  sime  depth.     Each  particle  of  a  jet  issuing  from  the  side  of  a  vessel 
begins  to  move  horizontally  with  the  velocity  above  mentioned,  but  it  is  at 
«Boe  draiAii  downward  by  the  force 
<d  gravity  in  the  same  manner  as 
a  baUtt,  6red  from  a  ^n,  with  its 
xa$  liarttOQtaL     It  is  well  known 
ihftt  the  bullet  describes  a  parabola 
(51}  vitii  a  vertical  axis,  the  vertex 
the  myxzle  of  the  gun.   Now, 
moe  cacb  particle  of  the  jet  moves 
k  tbe  same  cur\'e,  the  jet    itself 
tiie  parabolic  form,  as  shown 
115. 
In  o^cry  parabola  there  is   a 
point  called  the  /ocus^  and 


Fig.  115. 


i  ^stance  from  the  vertex  to  the  focus  fixes  the  magnitude  of  a  parabola 
the  same  manner  as  the  distance  from  the  centre  to  the  circum- 
fixes  the  magnitude  of  a  circle.  Now  it  can  easily  be  proved  that 
Atibats  ts  as  much  below,  as  the  surface  of  the  water  is  above,  the  orifice, 
Aooordsngly,  if  water  issues  through  orifices  which  are  small  in  comparison 
«idi  tlie  contents  of  the  vessel,  the  jets  from  orifices  at  different  depths 
bt^yw  the  stirface  take  different  forms,  as  shovi^  in  fig.  115. 

144-  X«tclit0r  tbo  Jet. —  If  a  jet  issuing  from  an  orifice  in  a  vertical 
diractaoQ  lias  the  same  velocity  as  a  body  would  have  which  fell  from  the 
«rfue  td  the  liquid  to  that  orifice,  the  jet  ought  to  rise  to  the  level  of  the 
IqakL  It  does  not,  however,  reach  this  ;  for  the  particles  which  fall  hinder 
It  But  by  inclining  the  jet  at  a  small  angle  with  the  vertical,  it  reaches 
ibont  li  of  the  theoretical  height,  the  difference  being  due  to  friction  and 
»  tbe  remtancc  of  Uie  air.  By  experiments  of  this  nature  the  truth  of 
Timoelli^  Uw  has  been  demonstrated, 

145.  ^Baatltf  ofefliM*  Vena  contraotft* — If  we  suppose  the  sides  of 
iiOtelcoQCaining  water  to  be  thin,  and  the  orifice  to  be  a  small  circle  whose 
Mb  is  a,  we  might  think  that  the  quantity  of  water  E  dis- 
charipni  in  a  second  would  be  given  by  the  expression 
^tgk^  since  each  particle  has,  on  the  average,  a  velocity 
Id  s/2^A,  and  particles  issue  from  each  point  of  the 
Eat  this  is  by  no  means  the  case.  This  may  be 
by  rcficrencc  to  fig.  1 16,  in  which  AB  represents  an 
«ificr  m  the  bottom  of  a  vessel — w*hat  is  true  in  this  case 
Itaif  ecfoally  true  of  an  orifice  in  the  side  of  the  vessel. 
Zimrf  |Hftide  above  AH  endeavours  to  pass  out  of  the 
and  is  so  doing  exerts  a  pressure  on  those  near  iu 
dkai  issue   near  A   and    li   exert  pressures    in  the 

MM  and  NN  ;  those  near  the  centre  of  the  orifice  in  the  direction 

In  the  inlctmediaie  parts  in  the  directions  PQ,  PQ.     In  conse- 

the  water  niihin  the  space  PQP  is  unable  to  escape,  and  that  which 

— *-«ji*^  instead  of  assuming  a  cylindrical  form,  at  first  contracts,  and 

fbt  lomt  of  a  truncated  cone.      It  is  found  that  the  escaping  jet 

MB  to  CQOtnict,  i3JStU  at  a  distance  from  the  orifice  about  equal  to  tbb 
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diameter  of  the  orifice.  This  part  of  the  jet  is  called  the  verm  coniracta,  U 
is  found  that  the  area  of  Us  smallest  section  is  about  |  or  0*62  of  that  of  the 
orifice.  Accordingly,  the  true  value  of  the  efflux  per  second  is  given  approxi-^ 
matcly  by  the  formula 

E-o'62Av''2^^, 

or  the  actual  value  of  E  is  abc»ut  0*62  of  its  theoretical  amount. 

146.  Xnflvanee  of  tnlies  on  the  qiiaiitlt]r  of  elBiiz. — The  result  given 
in  the  last  article  has  reference  to  an  aperture  in  a  thin  wall.  If  a  cylindrical 
or  conical  efflux  lube  or  ajutage  is  fitted  to  the  aperture,  the  amount  of  the 
efflux  is  considerably  increased,  and  in  some  cases  falls  but  a  little  short  of 
its  theoretical  amount. 

A  short  cylindrical  ajutage,  whose  length  is  from  two  to  three  times  its  dia- 
meter, has  been  found  to  increase  the  efflux  per  second  to  about  0'%iKy/igh. 
In  this  case  the  water  on  entering  the  ajutage  forms  a  contracted  vein  (fig. 
1 17),  just  as  it  would  do  on  issuing  freely  into  the  air  j  but  afterwards  it  ex- 
pands, and,  in  consequence  of  the  adhesion  of  the  water  to  the  interior  surface 
of  the  tube,  has,  on  leaving  the  ajutage,  a  section  greater  than  that  of  the 
contracted  vein  The  contraction  of  the  jet  within  the  ajutage  causes  a  par- 
tial vacuuni.    If  an  aperture  is  made  in  the  ajutage,  near  the  point  of  gpreatest 

contraction,  and  is  fitted  with  a  vertical  tube,  the 
other  end  of  which  dips  into  water  (fig.  1 17),  it  is 
found  that  water  rises  in  the  vertical  tube,  thereby 
proving  the  formation  of  a  partial  vacuum. 

If  the  ajutage  has  the  form  of  a  conic  frustrum 
whose  larger  end  is  at  the  aperture,  the  efflux  in 
a  second  may  be  raised  to  o^qih^igh^  provided 
the  dimensions  arc  properly  chosen.  If  the 
smaller  end  of  a  frustrum  of  a  cone  of  suitable 
dimensions  be  fitted  to  the  orifice,  the  effltix 
may  be  still  further  increased,  and  fall  very  little 
short  of  the  theoretical  amount. 

When  the  ajutage  has  more  than  a  certaia 
length,  a  considerable  diminution  takes  place  in 
the  amount  of  the  efflux :  for  example,  if  its  length 
is  4$  times  its  diameter,  the  efflux  is  reduced  to  o^^y/2gk.  This  arises  frn«n 
the  fiict  that,  when  water  passes  along  cylindrical  tubes,  the  resistance  tn* 
Cfeases  with  the  length  of  the  tube  ;  for  a  thin  layer  of  liquid  is  attracted  to 
the  walls  by  adhesion,  and  the  internal  flowing  liquid  rubs  against  this* 
The  resistance  which  gives  rise  to  this  result  is  called  hytbautic  frictum  :  H 
is  independent  of  the  material  of  the  tube,  provided  it  be  not  rougheiked  ; 
but  dei)ends  in  a  considerable  degree  on  llie  viscasit>-  of  the  liquid  ;  fer 
instance,  ice-cold  water  experiences  a  greater  resistance  than  lukewarm  water. 
According  to  Prony,  the  mean  velocity  v  of  water  in  a  cast*iron  pipe  ef 
the  length  /,  and  tlie  diameter  d^  under  the  pressure  /,  is  in  metres 

This  is  on  the  assumption  that  the  tubes  are  straight    Any  angle 
curvature  of  the  tube  diminishes  it,  seeing  that  part  of  the  motion  is  used  i 
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in  pressure  against  the  sides.  Thus  Venturi  found  the  time  requisite  to  fill 
a  small  vessel  by  means  of  a  tube  38  inches  in  length  by  3-3  in  diameter,  was 
45,  50,  or  70  seconds,  according  as  the  tube  was  straight,  curved,  or  bent. 

By  means  of  hydraulic  pressure  Tresca  submitted  solids  such  as  silver, 
lead,  iron  and  steel,  powders  like  sand,  soft  plastic  substances  such  as  clay, 
and  brittle  bodies  like  ice,  to  such  enormous  pressures  as  100,000  kilo- 
grammes, and  has  found  that  they  then  behave  like  fluid  bodies.  His  ex- 
periments show  also  that  these  bodies  transmit  pressure  equally  in  all 
directions  when  the  pressure  is  considerable  enough. 

147.  aflsx  throuffli  eapUlary  tubes. — This  was  investigated  by 
Poisseuille  by  means  of  the  apparatus  represented  in  fig.  118,  in  which  the 
capillary  tube  AB  is  sealed  to  a  glass  tube  on  which  a  bulb  is  blown.  The 
v»jlumc  of  the  space  between  the  marks  M  and  N  is  accurately  determined, 
and  the  apparatus  having  been  filled  with  the  liquid  under  examination  by 
sactioa,  the  apparatus  is  connected  at  the  end  M  with  a  reservoir  of  com- 
pressed air,  in  which  the  pressure  is  measured  by  means  of  a  mercury  mano- 
3icter  (183).  The  time  is  then  noted  which  is  required  for  the  level  of  the 
■jqnid  to  sink  from  M  to  N,  the  pressure  remaining  constant  It  is  thus  found 
that  f,  the  volume  which  flows  out  in  a  given  time,  is  represented  by  the 
f.nnula 

8t»/ 

'■y-zf  I  is  the  lenj^h  and  r  the  diameter  of  the  tube,  p  the  pressure,  and^  the 
^.c:'ni  of  ititernal  friction  \  which  may  be  defined  as   the  resistance  to 

-  •:  —:  offered  by  two  layers 

*  \::*t  liquid  of  unit  surface, 
:•  .:.:!  distance,  and  moving 

-  iv  from  each  other  with 
::  .ckxrity.  Knowing  the 
-p.ir.sions,  a  determination 

*  :he  volume  which  flows 
-    .:.    a    ready    means    of 

-ur.in^-  this  coefficient.     If 

'.r:t\p'.nment  be  made  with 

••-.  then,  using  the  same 

:'.ira:us,  other  liquids  may 

•inpared  with  it,  which 

i  :•  Us  the  ad\  antageof  dis 

r.-.T.z  with  a  separate  dcter- 

r.d'ion  of  the  diameter  of 

•  '.l'-jc,  a  matter  of  importance,  as  its  fourth  power  occurs  in  the  formula. 
't  -oenicient  of  internal  friction  is  greater  in  the  case  of  solution  of  salts 

:-.  >jih  water,  and  increases  with  the  strength  of  the  solution.     It  greatly 
T.ni^hcs  with  the  temperature,  and  at  60°  is  one-third  what  it  is  at  zero. 
:*■.  Ferm  ©f  tli©  Jet. — After  the  contracted  vein,  the  jet  has  the  form 

•  i  -  ".d  rod  for  a  short  distance,  but  then  begins  to  separate  into  drops, 

:.  present  a  p>eculiar  appearance.     They  seem  to  form  a  scries  of  ventral 
•' :  L'xlal  segments  (fig.  1 19).  The  ventral  segments  consist  of  drops  extended 


Fig.  118. 
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in  a  horizontal  direction,  and  the  nodal  segments  in  a  longitudinal  direction. 
And  as  the  ventral  and  nodal  segments  have  respectively  a  fixed  position, 
each  drop  must  alternately  become  elongated  and  flattened  while  it  is 
falling  (fig.  120).  Between  any  two  drops  there  are  smaller  ones,  so  that  the 
whole  jet  has  a  tube-like  appearance. 

If  the  jet  is  momentarily  illuminated  by  the  electric  spark  its  structure  is 
well  seen  ;  the  drops  appear  then  to  be  stationary,  and  separate  from  ea«± 
other.  If  the  aperture  is  not  circular  the  form  of  the  jet  undergoes  curious 
changes. 

149.  Hydraulio  tonmiqaet. — If  water  be  contained  in  a  vessel,  and  an 
aperture  be  made  in  one  of  the  sides,  the  pressure  at  this  point  is  removed, 
for  it  is  expended  in  sending  out  the  water :  but  it  remains  on  the  other  side ; 
and  if  the  vessel  were  movable  in  a  horizontal  direction,  it  would  move  in  a 
direction  opposite  that  of  the  issuing  jet.  This  is  illustrated  by  the  appa- 
ratus known  as  the  hydraulic  tourniquet  or  Barker's  mill  (fig.  121).  It  con- 
sists of  a  glass  vessel,  M,  containing  water,  and  capable  of  moving  about  its 
vertical  axis.    At  the  lower  part  there  is  a  tube,  C,  bent  horizontally  in  oppo- 
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^itc  directions  at  the  two  ends.  If  the  vessel  were  full  of  water  and  the  tubes 
closed,  the  pressure  on  the  sides  of  C  would  balance  each  other,  being  equal 
and  aciinj::  in  contrar>'  directions  ;  but,  being  open,  the  water  runs  out,  and  the 
pressure  is  not  exerted  on  the  open  part,  but  only  on  the  opposite  side,  ^ 
shown  in  the  tij^ure  A.  And  this  pressure,  not  being  neutralised  b>'  aa 
opposite  pressure,  imparts  a  rotator)'  motion  in  the  direction  of  the  arrow, 
the  veUx  ity  of  which  increases  with  the  height  of  the  liquid  and  the  size  of 
the  aperture. 

The  same  principle  may  be  illustrated  by  the  folloiK-ing  experiment    A 
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I  taB  cyiod«r  eoniainuig  water,  and  provided  with  a  lateral  stop-cock  near  tl^ 

,  is  placed  on  a  light  shallow  dish  on  water,  so  that  it  easily  floats, 

^HpQoiilg^  the  stop-cock  so  as  to  allow  water  to  flow  out,  the  vessel  is 

10  move  in  a  direction  diametrically  opposite  to  that  in  which  the 

ts  tiSiting.     Similarly,  if  a  vessel  containing  water  be  suspended  by  a 

B  opening  an  aperture  in  one  of  the  sides,  the  water  will  jet  out,  and 

bI  be  deflcaed  away  from  the  xertical  in  the  opposite  direction. 

Cf**  »'atcr-whcel  and  the  reaction  machine  depend  on  this  principle, 

fS^alio  do  rotating  fireworks;  that  is,  an  unbalanced  reaction  from  the 

IcHcd  f^aJn  which  issue  from  openings  in  them,  gives  them  motion  in  the 

opposke  direaion. 

15a  ^iTster-wbeels.  Turtiiiiea. — VVlien  water  is  continuously  flowing 
iwB  «  bibber  to  a  lower  level,  it  may  be  used  as  a  motive  power.  The 
■Mm  powtr  of  n-ater  b  generally  utilised  either  by  means  of  water-wkteU^ 
^0%im$^  n^MU^  or  kydrattlic  engims. 

Waaer*wbeel$  arc  wheels  provided  with  buckets  or  float -boards  at  the 
ORBBtetncc  and  on  which  tiie  water  acts  either  by  pressure  or  by  impact. 
'Ti^  »«•  made  to  ttim  in  a  vertical  plane  round  a  horizontal  axis,  and  are 
'incipal  kinds,  undershot  and  overshot  In  undershot  wheels  the 
I'^iNkfds  are  placed  radially,  thai  is  at  right  angles  to  the  circumference 
rfibe  vboeL  The  lowest  float -boards  are  immersed  in  the  water,  which 
A  velocity  depending  on  the  height  of  the  falL  Such  wheels  are 
bir  where  the  quantity  of  water  is  great,  but  the  fall  inconsiderable. 
'  wbteU  arc  used  with  a  small  quantity  of  water  which  has  a  high 
bM,2»  «U  small  mountain  streams.  On  the  circumference  of  the  wheel 
i  are  tickets  of  a  peculiar  shape.  The  water  falls  into  the  buckets  on 
fper  past  of  The  vrhccl,  which  is  thus  moved  by  the  weight  of  the  water, 
leadl  t  JV'es  at  the  lowest  point  of  revolution  it  discharges  all 

n«i  ^  empty. 

iair<eflbo(  wheel  driven  by  an  extraneous  force  maybe  used  for  raising 
\  m  dredging  machines  ;  and  an  undershot  one  for  moving  a  vessel 
11^  axis  is  fixed,  as  in  the  paddles  of  steatn-vessels. 
.  ffjrA**,.  it  71  bnrixofital  water-wheel,  and  is  similar  in  principle  to  the 
pt  or  reaction  wheel  (149).     It  consists  of  a  pair  of  discs, 
i .  if  r^  cnnncctcd  together  by  a  number  of  specially  sjjaped  thin 
.,  vvhvrh  divide  the  space  between   the   discs  into  an  equal 
;^d  radial   chambers.      The  wheel  works  generally  upon  a 
ui  nr.f!  of  the  discs  Is  cut  away  at  the  centre.     In  an  outward 
tntrrs  ihrou;jh  the  opening  so  made  into  the  space 
I  ibe  c.  jKt-v  s  I  1:1  virds  radially  through  the  chambers  above 

c^i^ng  the  wheel  lu  rutate  by  its  reaction  upon  their  curved 
10  order  to  prevent  waste  of  energy  in  giving  useless  rotation  to  the 
,  tbe  penpberaJ  openings  of  the  ^  heel  are  surrounded  by  a  scries  of 
J  fixed  chambers,  whose  sides  (guide- blades)  are  so  curved  that 
'  vbcn  it  leaves  ibcm  has  lost  all  its  rotational  motion,  and  simply 
ff  ml  ngbt  angles  to  the  axis.     In  an  inward ^ow  turbine  the  water 
tbe  peripbcntl  opening  of  the  wheel  through  the  guide-bladcS|  and 
)ea»e»  tbe  wbed  at  ibc  centre. 

Tbe  aBUl  tbeoretkaJ  effect  of  a  fail  of  water  is  ncr\  er  realised ;  for  the 


water,  after  acting  on  the  wheel,  still  retains  some  velocity, 
does  not  impart  the  whole  of  its  velocity  to  the  wheeU  In  many  ca 
flows  past  without  acting  at  all  ;  if  the  water  acts  by  impact,  vibral 
produced  which  are  transmitted  to  the  earth  and  lost ;  the  same 
produced  by  the  friction  of  water  over  an  edge  of  the  sluice,  in  tha 
which  conveys  it,  or  against  the  wheel  itself,  as  well  as  by  the  6 
this  latter  against  the  axle,  A  wheel  working  freely  in  a  stream,  asj 
corn-mills  on  the  Rhine  near  Mainz,  does  not  utilise  more  than  201 
of  the  theoretical  effect.  One  of  the  more  perfect  forms  of  turb 
work  up  to  over  80  per  cent.  Turbines  also,  when  properly  de&igl 
be  made  to  have  a  very  high  efficiency  cither  with  high  or  low  falls;  i 
account  of  the  great  speed  at  which  they  run,  they  are  very  mud| 
than  water-wheels  in  proportion  to  their  power.  They  arc  thus  ml 
cient '  motors  than  steam-engines,  which,  even  if  perfect,  can  only  Q 
into  work  from  25  to  30  per  ccnL  of  the  energy^  represented  by  the  ( 
bum,  and  seldom  in  practice  utilise  more  than  half  of  this  percentag 

The  kydrtiuiic  ram.,  often  called  Montgolfier^s  Ram,  is  simply  a  ] 
machine  by  which  a  large  quantity  of  water,  falling  through  a  snnall  1 
is  made  to  lift  a  small  quantity  through  a  greater  height. 

151.    Hydranlio  Snglne*^ — Historically,   falling  water  was  on^ 
earliest  sources  of  power  ;  but  it  is  only  lately  that  attention  has 
(first  by  Sir  \V.  Armstrong)  to  the  advantage  of  using  hydraulic 
towns  and  otlier  places  where  there  is  no  naiural  fall  of  water  ft 
certain  classes  of  machines,  in  those  cases  more  especially  where 
the  machincr)*  is  only  intermittent. 
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into  what  are  practically  large  cylinders  with  immensely  heavy  pistons  loaded 
to  the  reqaired  pressure.  These  vessels  are  called  accumulators^  and  pipes 
from  them  arc  led  away  to  the  various  places  (lock  gates,  sluice  valves, 
cranes,  capstans,  &c.)  where  power  may  be  wanted.  At  each  of  these  places 
there  is  some  kind  of  hydraulic  motor  suitable  to  the  particular  work  to  be 
done,  and  this  motor  can  be  instantaneously  set  to  work  by  opening  the 
communication  between  it  and  the  high-pressure  water  in  the  accumulator. 
TV  motor  used  is  not  uncommonly  a  small  engine  similar  in  principle  to  a 
aeam-engine,  and  one  of  the  best  of  these  engines  is  that  illustrated  in 
%.  122,  which  is  the  invention  of  Schmidt  of  Zurich.  It  consists  of  a 
cjfinder  fitted  with  a  piston  Cy  whose  rod  is  connected  directly  to  a  crank 
^KJii  a  horizontal  shaft  The  cylinder  has  two  ports  or  passages,  a  and  b^ 
one  at  each  end,  both  terminating  below  in  openings  upon  a  convex  curved 
bee,  which  is  kept  continually  pressed  against  a  similar  concave  face  upon 
the  framing  of  the  engine.  In  this  fixed  face  is  also  an  inlet  port  or  passage 
A.  and  outlet  passages  B.  When  the  cylinder  is  in  the  position  shown 
■  ^  figure  the  high-pressure  water  is  passing  through  A  and  b^  forcing 
^  piston  along,  and  driving  out  the  already  used  water  away  through  a 
ad  B.  As  the  piston  moves  and  turns  the  crank,  the  cylinder  oscillates  on 
ia  bearings,  and  by  the  time  the  piston  has  got  to  the  end  of  its  stroke, 
file  cylinder  being  then  horizontal,  the  process  is  just  being  reversed,  water 
piKing  in  through  A  and  «,  and  out  through  b  and  B.  W  is  an  air-vessel 
fcr  preventing  shocks. 

The  chief  drawback  about  the  use  of  water  power,  except  where  there  is 
i  Ur/e  natural  supply  under  pressure,  is  its  expense.  For  each  revolution 
^*-  :he  crank  shaft,  two  complete  cylinders  full  of  water  must  be  passed 
'~''Mi\\  such  an  engine,  as,  whether  the  power  be  wanted  or  not,  the  water 
'i-ir'.'.  be  expanded  like  steam. 

With  any  given  pressure  it  is  easy  to  find  out  how  much  water  will  be 
•'•.-rr-d  for  a  given  power.  At  a  pressure  of  30  pounds  per  square  inch, 
*  '  r.-:arice,  one  horse-power  will  require,  supposing  the  efficiency  of  the 

=^':.  ne  to  be  70  per  cent.  (472)    .33ooo  x  ^  about  855  cubic  feet  or  4,000 

30  >^  144x07 
7k  \  n-  picr  hour,  a  quantity  the  cost  of  which  would-  in  most  cases  put  the  use 
'•  'r.L^  pr>wer  out  of  the  question.  The  pressure  in  town  mains  generally 
1-*^  between  20  and  40  pounds  per  square  inch,  and  it  is  therefore  only  in 
r^-rs  where  a  special  high-pressure  supply  is  available  that  the  power  can 
>.  f'  »nomically  used. 

Water-power  is  usually  represented  by  the  weight  of  the  water  multiplied 
-TO  the  height  of  the  available  fall ;  or  it  may  also  be  represented  by  half 
t><  product  of  the  mass  into  the  square  of  the  velocity.  Both  measurements 
T-t  the  same  result  (60).  The  water-power  of  the  Niagara  Falls  is  calcu- 
a:«i  to  be  equal  to  four  and  a  half  millions  of  horse-power. 
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BOOK    IV. 

ON  GASES. 

CHAPTER    I. 
PROPERTIES  OF  GASES.     ATMOSPHERE.      BAROMETERS. 

152.  VbysloAl  properties  of  %%»—. — Gases  are  bodies  which, 
solids,  have  no  independent  shape,  and  unlike  liquids,  have  no  indej 
volume.  Their  molecules  possess  almost  perfect  mobility ;  they  a: 
ceived  as  darting  about  in  all  directions,  and  are  continually  ten< 
occupy  a  greater  space.  This  property  of  gases  is  known  by  the 
expansibility^  tension^  or  elastic  force  ^  from  which  they  are  often  called 
fluids. 

Gases  and  liquids  have  several  properties  in  common,  and  some  ir 
they  seem  to  differ  are  in  reality  only  different  degrees  of  the  same  pi 
Thus,  in  both,  the  particles  are  capable  of  moving :  in  gases  with 
perfect  freedom  ;  in  liquids  not  quite  so  freely,  owing  to  a  greater  de 
viscosity.  Both  arc  compressible,  though  in  very  different  degrees 
liquid  and  a  gas  both  exist  under  the  pressure  of  one  atmosphere,  ai 
the  pressure  be  doubled,  the  water  is  compressed  by  about  the  5^ 
while  the  gas  is  compressed  by  one-half.  In  density  there  is  a  gn 
ference  ;  water,  which  is  the  t>T>e  of  liquids,  is  770  times  as  heavy  as 
type  of  gaseous  bodies,  while  under  the  pressure  of  one  atmosphere 
property  by  which  gases  are  distinguished  from  liquids  is  their  tend 
indefinite  expansion. 

Matter  assumes  the  solid,  liquid,  or  gaseous  form  according  to  tl 
tive  strength  of  the  cohesive  and  repulsive  forces  exerted  betweei 
molecules.    In  liquids  these  forces  balance  ;  in  gases  repulsion  preponc 

By  the  aid  of  pressure  and  of  low  temperatures,  the  force  of  a 
may  be  so  far  increased  in  many  gases  that  they  are  readily  convert! 
liquids,  and  we  know  now  that  with  sufficient  pressure  and  cold  they  1 
be  liquefied.  On  the  other  hand,  heat,  which  increases  the  vis  vri*a 
molecules,  converts  liquids,  such  as  water,  alcohol,  and  ether,  into  the  ai 
state  in  which  they  obey  all  the  laws  of  >^ases.  The  aeriform  state  of 
is  known  by  the  name  of  vapour ;  while  j^ascs  are  bodies  which,  undc 
nary  temperature  and  pressure,  remain  in  the  aeriform  state. 
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In  d^cnbtng  exclusively  the  properties  of  gases  we  shall,  for  obvious 
msoos,  refer  to  atmospheric  air  as  their  type, 

155.  »wyti>lbUity  ©f  ifMes,— This  property  of  gases,  their  tendency  to 
iMUBie  cootiintally  a  greater  volume,  is  exhibited  by  means  of  the  following 
qpenmcpt :— A  bladder,  closed  by  a  slop-cock  and  about  half-full  of  air,  is 
ybced  under  the  receiver  of  the  air-pump  (fig.  123),  and  a  vacuum  is  produced,^ 
«  vliicli  tlie  bladder  immediately  distends. 
This  arises  from  the  fact  that  the  molecules 
d  ak  flytiig  about  in  atl  directions  (293) 
|«»  against  the  sides  of  the  bladder.  Under 
fliittaiy  cnoditions  this  internal  pressure  is 
CMMertnla&ced  by  the  air  in  the  receiver, 
Hidi  esert^  an  equal  and  contrary  pressure. 
to  vhcn  this  pressure  is  removed,  by  ex- 
iHMilf^  lh«  receiver,  the  internal  pressure 
leoonMei  tnidenL  When  air  is  admitted  into 
fte  reGdrcr,  the  btaddct  resumes  its  original 

t$4.  CUMwytHMtlinity  of  raae«.~The 
aoijMVsaibiiitf  of  gases  is  readily  shown  by 
^ pmmmmiu  syringe  {fi%.  134).  This  con- 
lAils  of  m  siCKtt  glass  tube  closed  at  one  end, 
mi  pnnridcd  with  a  tight-fitting  solid  piston, 
WI01  the  rod  of  the  pistnn  is  pressed  it 
sans  dom)  in  the  tnbc,  and  the  air  becomes  **'  '^* 

into  a,  smaller  volume  ;  but  as  soon  as  the  force  is  removed  the 
Ha  original  volume,  and  the  piston  rises  to  its  former  position. 


(■ 
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155,  ^f^m^u*  ot  ir»»e»«— 1  rom  their  extreme  fluidity  and  expansibility, 
pit»  ictfn  CO  be  uninfluenced  by  the  force  of  gravity  :  they  nevertheless 
pmem  «efgtit  like  solids  and  H quids.  To  show  this,  a  glass  globe  of  3  or  4 
fana  caf^ttCtty  i«  taken  ^fig.  125),  the  neck  of  which  is  provided  with  a  stop- 
odk;  vUidb   ^  ^  it,  and  by  which  it  can  be  screwed  tu  the 

ffateof  ihe  -  *bc  is  then  exhausted,  and  its  weight  deter- 

aia£d  bjr  mcAa^  i*f  ^  dchuAtc  balance.  Air  is  now  allowed  to  enter,  and  the 
I^Biie  4faiil  •wghcH.  The  weight  in  the  second  case  will  l)e  found  to  be 
pfiaiii  dmi  IjlT  the  capacity  of  the  vessel  is  known,  the  increase 

aH  ntpiiuirtly  be  t  >  1  i>f  that  %  olume  of  air. 

%f  a  »odi6eiti0O  of  this  method^  and  with  the  adoption  of  certain  pre- 
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cautions,  the  weight  of  air  and  of  other  g^ases  has  been  determined, 
the  most  accurate  are  those  of  Regnault,  who  found  that  a  litre  of 
o**  C,  and  under  a  pressure  of  760  millimetres,  weighs  i -293187 
Since  a  litre  of  water  (or  1,000  cubic  centimetres)  at  o®  weighs 
granmie,  the  density  of  air  is  oxx>  129334  that  of  water  under  the  san 
stances  ;  that  is,  water  is  773  times  as  heavy  as  air.  Expressed  ii 
measures,  100  cubic  inches  of  dry  air  under  the  or 
mospheric  pressure  of  30  in.  and  at  the  temperatur* 
weigh  31  grains ;  the  same  volume  of  carbonic  acid 
the  same  circumstances  weighs  47*25  grains; 
inches  of  hydrogen,  the  lightest  of  all  gases,  w 
grains ;  and  100  cubic  inches  of  hydriodic  acid  { 
146  grains. 

1 56.  Fressnres  exerted  b j*  vmses. — Gases  exei 

own  molecules,  and  on  the  sides  of  vessels  whic 

them,  pressures  which  may  be  regarded  from  t 

of  view.     First,  we  may  neglect  the  weight  of 

secondly,  we  may  take  account  of  its  weight     If  \ 

the  weight  of  any  gaseous  mass  at  rest,  and  only  c( 

expansive  force,  it  will  be  seen  that  the  pressures  ci 

force  act  with  the  same  strength  on  all  points,  b 

mass  itself  and  of  the  vessel  in  which  it  is  contaii 

it  is  a  necessary  consequence  of  the  elasticity  ar 

of  g^ases,  that  the  repulsive  force  between  the  m< 

Fig.  "5-  the  same  at  all  points,  and  acts  equally  in  all  < 

This  principle  of  the  equality  of  the  pressure  of 

all  directions  may  be  shown  experimentally  by  means  of  an 

resembling  that  by  which  the  same  principle  is  demonstrated  i 

(fig.  6s). 

If  we  consider  the  weight  of  any  gas,  we  shall  see  that  it  gi\ 
pressures  which  obey  the  same  laws  as  those  produced  by  the 
liquids.  Let  us  imagine  a  cylinder,  with  its  axis  vertical,  several  n 
closed  at  both  ends  and  full  of  air.  Let  us  consider  any  small 
the  air  enclosed  between  two  horizontal  planes.  This  portion  mi3 
the  weight  of  all  the  air  above  it,  and  transmit  that  weight  to  the  a 
it,  and  likewise  to  the  curved  surface  of  the  cylinder  which  contai 
at  each  point  in  a  direction  at  right  angles  to  the  surface.  Thus  th 
increases  from  the  top  of  the  column  to  the  base  ;  at  any  give 
acts  equally  on  equal  surfaces,  and  at  right  angles  to  them,  wb 
are  horizontal,  vertical,  or  inclined.  The  pressure  acts  on  th< 
the  vessel,  and  on  any  small  surface  it  is  equal  to  the  weight  of 
of  gas  whose  base  is  this  surface,  and  whose  height  its  distance 
sununit  of  the  column.  The  pressure  is  also  independent  of  the  : 
diniensions  of  the  supposed  cylinder,  provided  the  height  remains 
For  a  small  quantity  of  gas  the  pressures  due  to  its  weight  arc 
significant,  and  may  be  neglected  ;  but  for  large  quantities,  like  1 
sphere,  the  pressures  are  considerable,  and  must  be  allowed  for. 

1 57.  Tbe  atmoepbere  1  Its  oompositlon.— The  atmosphere  is 
of  air  which  surrounds  our  globe  in  every  part.     It  partakes  of  th 


-U8]  A  tmospheric  Pressure.  135 

motkm  of  the  globe,  and  would  remain  fixed  relatively  to  terrestrial  objects 
bat  for  local  circumstances,  which  produce  winds,  and  are  constantly  dis- 
turbing its  equilibrium. 

It  is  essentially  a  mixtiue  of  oxygen  and  nitrogen  gases  ;  its  average  com- 
position by  voltune  being  as  follows : — 

Nitrogen 78*49 

Oxygen 2063 

Aqueous  vapour 0*84 

Carbonic  acid 0*04 

lOOXX) 

The  carbonic  acid  arises  from  the  respiration  of  animals,  from  the  pro- 
cesses of  combustion,  and  from  the  decomposition  of  organic  substances. 
Bonssingault  estimated  that  in  Paris  the  following  quantities  of  carbonic 
acid  are  produced  every  24  hours  : — 

By  the  population  and  by  animals .        .     1 1,895,000  cubic  feet 
By  processes  of  combustion   .  92,101,000       „ 

103,996,000      „ 

Notwithstanding  this  enormous  continual  production  of  carbonic  acid 
ibc  composition  of  the  atmosphere  does  not  var>' ;  for  plants  in  the  process 
d  vegetation  decompose  the  carbonic  acid,  assimilating  the  carbon,  and 
restoring  to  the  atmosphere  the  oxygen,  which  is  being  continually  consumed 
ia  the  processes  of  respiration  and  combustion. 

158.  Atmospherio  pressure. —  If  we  neglect  the  perturbations  to  which 
the  atmosphere  is  subject,  as  being  inconsiderable,  we  may  consider  it 
as  a  fluid  sea  of  a  certain  depth,  surrounding  the  earth  on  all  sides,  and 
exercising  the  same  pressure  as  if  it  were  a  liquid  of  very  small  density. 
Consequently  the  pressure  on  the  unit  of  area  is  constant  at  a  given  level, 
bcir.g  equal  to  the  weight  of  the  column  of  atmosphere  above  that  level 
»hose  horizontal  section  is  the  unit  of  area  (99).  It  will  act  at  right  angles 
to  :hc  surface,  whatever  be  its  position.  It  will  diminish  as  we  ascend,  and 
xcrease  as  we  descend  from  that  level.  Consequently,  at  the  same  height, 
:be  atmospheric  pressures  on  unequal  plane  surfaces  will  be  proportional  to 
dh?  areas  of  those  surfaces,  provided  they  be  small  in  proportion  to  the 
be:'^ht  of  the  atmosphere. 

In  virtue  of  the  expansive  force  of  the  air,  it  might  be  supposed  that  the 
n-Iccules  would  expand  indefinitely  into  the  planetary  spaces.  But,  in  pro- 
pnrtx.n  as  the  air  expands,  its  expansive  force  decreases,  and  is  further 
weakened  by  the  low  temperature  of  the  upper  regions  of  the  atmosphere,  so 
tkat,  at  a  certain  height,  equilibrium  is  established  between  the  expansive 
ferce  which  separates  the  molecules,  and  the  action  of  gravity  which  draws 
tiiem  toi*-ards  the  centre  of  the  earth.  It  is  therefore  concluded  that  the 
aanosphere  is  limited. 

From  the  weight  of  the  atmosphere,  and  its  increase  in  density,  and  from 
the  observation  of  certain  phenomena  of  twilight,  its  height  has  been  esti- 
mated at  from  30  to  40  miles.  Above  that  height  the  air  is  extremely  rarefied, 
and  at  a  height  of  60  miles  it  is  assumed  that  there  is  a  perfect  vacuum.   On 
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the  other  hand,  meteorites  have  been  seen  at  a  height  of  200  miles,  and  aSj 
their  luminosity  is  undoubtedly  due  to  friction  against  air,  there  must  be  air  at ' 
such  a  height.  This  higher  estimate  is  supported  by  observations  made  1 
at  Rio  Janeiro  on  the  twilight  arc,  by  M.  Liais,  who  estimated  ibc  | 
height  of  the  atmosphere  at  between  198  and  212  miles.  The  question  as  10 
the  exact  height  of  the  atmosphere  must  therefore  be  considered  as  stlE 
awaiting  settlement. 

As  it  has  been  previously  stated  that  100  cubic  inches  of  air  weigh  31 
grains,  it  will  readily  be  conceived  that  the  whole  atmosphere  exercises  a 
considerable  pressure  on  the  surface  of  the  earth.  The  e.'icistence  of  this 
pressure  is  shown  by  the  following  experiments. 

1 59.  Cmstiliir  foroo  of  tlie  atmospliere.^Oa  one  end  of  a  stout  glai# 
cylinder,  about  5  inches  high,  and  open  at  both  ends,  a  piece  of  bbdder  i» 
tied  quite  airtight.  The  other  end,  the  edge  of  which  is  ground  and  wdl 
greased,  is  pressed  on  the  plate  of  the  air-pump  (fig.  1 26).  As  soon  as  the 
air  in  the  vessel  is  rarefied  by  w  orking  the  air-pump,  the  bladder  is  depressed 
by  the  weight  of  the  atmosphere  above  it,  and  finally  bursts  with  a 
report  caused  by  the  sudden  entrance  of  the  air» 


t6o.  Mat^ebnrc  liemlspber^s. — The  preceding  experiincnt  only 
to  illustrate  thr  downward   pressure  of  the  atmosphere.     By  means  oC  At 
/lA/;v/<•/'/v^  -vvj  (figs.  127  and  128),  the  invention  of  which  is  dt»c  m 

One*  von  '  ,  burgomaster  of  Magdeburg,  it  can  be  shown  liiat  thr 

ptt'ssuR  act*  in  ail  directions.  This  apparatus  consists  of  two  hoUow  btiifr 
h cm  1  spin  res  of  4  to  4^  inches  diameter,  the  edges  of  whidi  arc  made  to  fil 
tit;htlv,  And  .vtl'  urll  ^trased.  One  of  the  hemispheres  is  provided  niih  a 
stop  Li>ck,  b)  w  hich  it  c.in  be  screwed  on  to  the  atr-pump,and  on  the  other  thor 
is  a  handle.    As  long  as  the  hemispheres  contain  air  they  can  be  scpeniid 
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iHUh  any  difficulty^  for  the  external  pressure  of  the  atmosphere  is  counter- 
Miiicrd  t^*  liic  clastic  force  of  the  air  in  the  interior.  But  when  the  air  in 
Ae  iQterior  is  pumped  out  by  means  of  the  air-pump,  the  hemispheres 
be  9Cfnrated  without  a  powerful  cflfort ;  and  as  this  is  the  case  in 
fioeiCion  they  are  held,  it  follows  that  the  atmospheric  pressure  is 
~  tn  all  directions. 


UrTEKMtXATION  OF  THK  ATMOSPHERIC  PRESSURE.     BAROMETERS, 

l6l.  TofTtoelU'B  es]»eri]neiit.^-Tlie  above  experiments  demonstrate  the 
esbtcOGc  of  tJie  atmospheric   pressure,  but  they  g:ive  no  precise  indication 
mw  Its  amount.     The  following  experiment,  which  was  first  made,  in  1643, 
%  TorrJceUi,  a  pupil  of  Galileo,  gives  an 
caci  mcasorc  of  the  weight  of  the  atmo- 
#et^  /■ 

A  gittss  mhe  is  taken,  about  a  yard 
a  quarter  of  an  inch  internal 
(%,  129).  Ii  is  scaled  at  one 
is  quite  tilled  with  mercur>'. 
^acjttirc  C  being  closed  by  the 
the  tube  i*  inverted,  the  open  end 
ill  n  iinaU  mercury  trough,  and 
tiiiiiBb  removed.  The  tube  bein>;  in 
position,  the  column  of  mercury 
UQid,  after  osci Haling  some  time,  it 
lo  rest  at  a  height  A,  which 
fcircl  of  the  sea  is  about  yo  inches 
the  mercury  in  the  trough.  The 
JWiuujf  b  nused  tn  the  tube  by  the 
fKsam^  ai  the  atmosphere  on  the  mer- 
orj  m  the  trough*  There  is  no  contrary 
00  the  mercury  in  the  tube, 
if  »  do^d  ;  but  if  the  end  of 
ibc  Iw  opened,  the  atmuspherc  will 
«|ttftlly  iostde  mid  outside  the  tube, 
the  mercury  will  sink  to  the  level  of 
ia  lh«  trough*  It  has  been  shown  in 
{t07)  that  the  heights  of 
oC  liquid  in  communication 
\  other  arc  inversely  as  their 
aod  hence  it  follows  that  the 
qf  the  ftOnospherc  is  equal  to  that  of  a  column  of  mercury,  the 
of  which  19  30  inches*  If,  however,  the  weight  of  the  atmosphere 
the  height  of  I  he  column  which  it  can  sustain  must  also  diminish, 
Ite.  9mm«mX*m  experiments.— Pascal,  who  wished  to  ascertain  whether 
the  fccce  which  *uslatn»:d  the  mercury-  in  the  tube  was  really  the  pressure  of 
the  aCBMsphere^  made  the  following  experiments,  (i.)  If  it  were  the  case, 
of  mercuiy  ought  to  descend  in  proportion  as  we  ascend  in 
He  accordingly  requested  one  of  his  relatives  to  repeal 
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Torricelli*s  experiment  on  the  summit  of  Puy  dc  D6me  in  Auvcf| 
This  was  done,  and  it  was  found  that  the  mercurial  column  was  abou 
inches  lower,  thus  proving  that  it  is  really  the  weight  of  the  atmospb 
which  supports  the  mercur>',  since,  when  this  weight  diminishes,  the  hei 
of  the  column  also  diminishes,  (ii.)  Pascal  repeated  Torricelli's  experioti 
at  Rouen,  in  1046,  with  other  liquids.  He  took  a  tube  closed  at  one  i 
nearly  50  feet  long,  and,  ha\  ing  filled  it  with  water,  placed  it  vertically  i 
vessel  of  water,  and  found  that  the  water  stood  in  the  lube  at  a  heigtn 
34  feet  ;  that  is,  iy6  times  as  high  as  mercury.  But  since  the  mercury  is  1 
times  as  heav^  as  water,  the  height  of  the  column  of  water  was  c%m 
equal  to  that  of  a  column  of  mercury  in  Torricelli's  experiment,  and  il ' 
consequently  the  same  force,  the  pressure  of  the  atmosphere,  which  sua 
sivcly  supported  the  two  liquids.  Pascal's  other  experiments  with  oil  i 
with  wine  gave  similar  results. 

163.  Amount  of  tlie  atmosplierlc  pressure.— Let  us  assume  that 
tube  in  the  above  experiment  is  a  cylinder,  the  section  of  which  is  equal  I 
square  inch  ;  then,  since  the  height  of  the  mercurial  column  in  round  fu 
bers  is  30  inches,  the  column  will  contain  30  cubic  inches  ;  and  as  a  cs 
inch  of  mercury  weighs  3433*5  grains  « 049  of  a  pound,  the  pressure  of  si 
a  column  on  a  square  inch  of  surface  is  equal  to  147  pounds.  In  roi 
numbers  the  pressure  of  the  atmosphere  is  taken  at  f  5  pounds  on  the  wqpi 
inch.  A  surface  of  a  foot  square  contains  144  square  inches,  and  there! 
the  pressure  upon  it  is  equal  to  2,160  pounds,  or  nearly  a  ton.  Expres 
in  the  metrical  system,  the  standard  atmospheric  pressure  at  o*  and  the  a 
level  is  760  millimetres,  which  is  equal  to  29*9217  inches  ;  and  a  calculai 
similar  to  the  above  shows  that  the  pressure  on  a  square  centtmeire  i 
I  "032896  kilogramme. 

A  gas  or  liquid  which  acts  in  such  a  manner  that  a  square  inch  of  surf 
is  exposed  to  a  pressure  of  1 5  pounds,  is  called  a  pressure  of  <?jw  aimc^s^ 
If,  for  instance,  the  elastic  force  of  the  steam  of  a  boiler  is  so  great  that  r 
square  inch  of  the  internal  surface  is  exposed  to  a  pressure  of  90  pini 
( ■■  6  X  15),  we  say  it  is  under  a  pressure  of  six  atmospheres. 

The  surface  of  the  body  of  a  man  of  middle  size  is  about  16  squxire  II 
the  pressure,  therefore,  which  a  man  supports  on  the  surface  of  bts  bod 
35,560  pounds,  or  nearly  16  tons.  Such  an  enormous  pressure  ir  *'•-**•  " 
impossible  to  be  borne  ;  but  it  must  be  remembered  that,  in  ail 
there  arc  equal  xmd  contrary  pressures  which  counterbalance  onr  ^jmju 
tt  might  also  be  supposed  that  the  effect  of  this  force,  acting  in  all  dtrectic 
would  he  to  press  the  body  together  and  crush  it.  But  the  solid  parts  ti 
skeleton  could  resist  a  far  greater  pressure ;  and  as  to  the  air  and  liq« 
contained  in  the  organs  and  vessels,  the  air  has  the  same  density  JH 
external  air,  and  cannot  be  further  compressed  by  the  atmospheric  presjtt 
and  from  what  has  been  said  about  liquids  (97),  it  is  clear  that  they  arr  1 
tually  incompressible.  When  the  external  pressure  is  removed  from  an 
of  the  body,  either  by  means  of  a  cupping  vessel  or  by  the  air-] 
pressure  from  within  is  seen  by  the  distension  of  the  surface. 

164.  Differeot  kinds  of  tmrometers,— The  instruments  used  i 
ing  the  atmospheric  pressure  arc  called  barameters*  In  ordinar)* 
th«  pressure  is  measured  by  the  height  of  a  column  of  mercury,  as  in  Tm 
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|E's  experiment :  the  barometers  which  we  are  about  to  describe  are  of  this 
pd*    But  tlicre  are  barometers  without  any  liquid,  one  of  which,  the  aneroid 
^\  IS  rematkable  for  its  simplicity  and  portability. 
li^5»  CiMiett  to«r»iiiete'r. — The  cistern  barometer  consists  of  a  straight 

ttabe  dosed  at  one  end»  about  ^'^  inches  long»  filled  with  mcrcur>',  and 
]^  into  a  cistern  containing  the  same  metaL  In  order  to  render  the 
pwmrlfr  more  portable^  and  the  variations  of  the  level  in  the  cistern  less 
Boefllible  wfien  the  mercury  rises  or  falls  in  the  tube,  several  di  Cerent 


^. 


ff^fPk  r^^nu  *•!«.  13*. 

btCQ  constructed.     Fig.  130  represents  one  form  ot  the  cistern 

D      Tbe  apparatus  is  fixed  to  a  mahogany  stand,  on  the  upper  part 

I  0beie  is  Ji  scale  graduated  in  millimetres  or  inches  from  the  level 

Bggtmy  'm  tbe  cistern  :  a  movable  index,  /,  shows  on  the  scale  the 

I  ^tte  ocTCUry*    A  thcnnometer  on  one  side  of  the  tube  indicates  the 

TWfe  k  one  fiudt  to  which  this  barometer  is  liable,  in  common  with  all 
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others  of  the  same  kind.  The  zero  of  the  scale  does  not  always  correspc 
to  the  level  of  the  mercury  in  the  cistern.  ¥01^  as  the  atmospheric  pressi 
is  not  always  the  same,  the  height  of  the  mercurial  column  varies  ;  sol 
limes  mercury  is  forced  from  the  cistern  into  the  tube,  and  sometimes  fr 
the  tube  into  the  cistern,  so  that  in  the  majority  of  cases,  the  graduation 
the  barometer  does  not  indicate  the  true  height  If  the  diameter  of  1 
cistern  is  large,  relatively  to  that  of  the  tube,  the  error  from  this  source,  wh 
is  known  as  the  trrxfr  of  capacity y  is  lessened. 

The  ^^/^f^'^// of  the  barometer  is  the  distance  between  the  levels  «f  ' 
mercury  in  the  tube  and  in  the  cistern.  Hence  the  barometer  sho< 
always  be  perfectly  vertical,  for  if  not»  the  tube  being  inclined,  the  column 
mercury  is  elongated  (fig»  JJi),  and  the  number  read  off  on  the  scale  is 
grcaL  As  the  pressure  which  the  mercury  exerts  by  its  weight  at  the  b 
of  the  tube  is  independent  of  the  form  of  the  tube  and  of  its  diameter  (l< 
provided  it  is  not  capillary,  the  height  of  the  barometer  is  independeni 
the  diameter  of  the  tube  and  of  its  shape,  but  is  inversely  as  the  density 
the  liquid.  With  mercury  the  mean  height  at  the  level  of  the  sea  is  29 
or  in  round  numbers  30,  inches  ;  in  a  water  barometer  it  would  be  \ 
feet,  or  10-33  nietres. 

In  marine  Imromctcrs  the  error  of  capacity  is  got  rid  of  by  gradual 
scale  not  in  the  true  measurements,  but  by  an  empirical  correction  depend 
on  the  relative  diameters  of  the  tube  and  cistern.  Thus  if  a  rise  of  10  n 
in  the  tube  produced  a  fall  of  1  mm.  in  the  cistern,  the  true  change  would 
be  10  mm.  but  1 1  mm.  This  is  obviously  allowed  for  by  dividing  the  spi 
of  10  mm,  on  the  scale  into  1 1  mm.  The  correctness  of  such  an  instrum 
depends  on  the  accuracy  with  which  the  scale  is  laid  ofil 

166.  Vortio'*  barometer. — Forts r^s  barometer  differs  in  the  shape 
the  cistern  from  that  just  described.  The  base  of  the  cistern  is  msule 
leather,  and  can  be  raised  or  lowered  by  means  of  a  screw ;  thU  hfts 
advantage  that  a  constant  level  can  be  obtained,  and  also  that  the  insi 
ment  is  made  more  portable.  For,  in  travelling,  it  is  only  necessaf] 
raise  the  leather  until  the  mercur>',  which  rises  with  it,  quite  tills  the  cisie 
the  barometer  may  then  be  inclined,  and  even  inverted,  nithout  aay  i 
that  a  bubble  of  air  may  enter,  or  that  the  shock  of  the  merciiiy  mxf  ce 
the  tube. 

Fig.  \yi  represents  the  arrangement  of  the  barometer,  the  tube  < 
is  placed  in  a  brass  case.  At  the  top  of  this  case  there  are  two  longit 
apertures,  on  opposite  sides,  so  that  the  level  of  the  mercur>',  B,  \%  sc 
The  scale  on  the  case  is  graduated  in  millimetres.  An  index  A,  moved  by 
hand,  gives,  by  means  of  a  vernier,  the  height  of  the  mercury  to  ^^ih  of  a  m 
metre.     At  the  bottom  of  a  case  there  is  a  cistern  by  containing  rocrcuiy  1 

Fig.  133  shows  the  details  of  the  cistern  on  a  larger  scale.  It  coQssill 
a  glass  c^'lindcr  ^,  through  which  the  mercur)^  can  be  seen  ;  this  is  cloMi 
the  top  by  a  boxwood  disc  fitted  on  the  under  surface  of  the  brass  ohm 
Through  this  passes  the  barometer  tube  £,  which  is  drawn  out  at  tl^| 
and  dips  in  the  mercury  ;  the  cistern  and  the  tube  arc  connected  by  wfi 
of  buckskin  ce^  which  is  firmly  tied  at  c  to  a  contraction  in  the  tube;  and  4 
to  a  brass  tubulurc  in  the  cover  of  the  cistern*  This  mode  of  doi 
prevents  the  mercury  from  escaping  when  the  barometer  b  invened,  w| 
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\  pons  of  the  tcatiicr  transmit  the  atmospheric  pressure.     The  bottom  of 
f  cf fiftdei  lonted  on  a  boxwood  cylinder  sz^  on  a  contraction  in 

.  wi  b  <i  the  buckskin  wir,  which  forms  the  base  of  the  cistern. 

0^  iSbask  akm  la  fastened  a  wooden  button  x,  which  rests  against  the  end  of 
%  fcicw  C  According  as  this  is  turned  in  one  direction  or  the  other,  the 
%sm  mm  m  warned  or  lowered,  and  with  it  the  mercur>\  In  using  this  baro- 
tiie  itiercnrv-  b  first  made  exactly  level  with  the  point  a,  which  is 
e  screw  C  either  in  one  direction  or  the  other.  The 
ilc  is 
from  Uiis  point  a, 
mi  ^«s  tlie  distance  nf 
lie  top  B  oC  the  column  of 
Crocn  a  gives  the 
€if  the  barometer. 
IW  faBtiom  of  the  cistern 
by  a  brass 
:h  is  faffencd  to 
M  by  screws,  Jt, 
k  We  iMive  already 
01(165}  ^^  importance 
wiag  the  btftrometcr 
irvrfica],  which  is 
d  by  the  following 
fcaowo  AS  C^tiiiiM's 

Tie  Bketal  ca«e  crmtain  - 
^|ih«  bftraoieter  is  fixed 
«  1  mpper  sheath  X  b> 
r»:  uTetrs  tf  afid  A  (fig. 
i^u  This  is  provided 
««k  fwri  axles  (only  one  of 
#,   is   seen    in   ihc 

^  whic^  tarn  freely  in 

lesinA  ring  Y.  tn 
tfiitokm  irt  rt)cht  angles 
btelaf  th- 

ad  ii,  * 

Z»     1  of  this   double  suspension    the   barometer  can 

J  freely  about  the  axes,  nm  and  ^n,  in  two  directions  at  right  angles  to 
But  a%  caie  is  taken  that  the  point  at  which  these  axes  cross 
10  tl»e  tube  itself,  the  centre  of  gravity  of  the  system,  which 
talvsys  be  lower  than  the  axis  of  susp>ension^  is  below  the  point  of  inter- 
onlB^  sad  tlie  barometer  is  thus  perfectly  vertical. 

1^.  Msy  >—■■§'»  •3ri»lio&  itmrometer.^The  syphon  barometer  is  a 
^BC  gimm  mbe*  ooe  of  the  branches  of  which  is  much  longer  than  the  other. 
Hm  liMger  brmoch,  which  \s  closed  at  the  top,  is  filled  with  mercur>'  as  in  the 
daera  tantfaeter,  while  the  shorter  branch,  which  is  open,  ser>'es  as  a 
cwi&^  Ite^ibfOice  between  the  two  levels  is  ihc  height  of  the  barometer. 
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Fig,  155  represents  the  syphon  barometer  as  modified  by  Gay-Lussac* 

In  order  to  render  it  more  available  for  travelling  by  preventing  the  entrance- 
of  air,  he  joined  the  two  branches  by  a  capillary  lube  (fig.  136) ;  when  the 
instrument  is  inverted  (fig.  137)  the  tube  always  remains  full  in  virtue  of  it* 
capttlarity,  and  air  cannot  penetrate  into  the  longer  branch,  A  suddei» 
shock,  however,  might  separate  the  mercury  and  admit  some  air.  To  avoid 
this,  Bunten  introduced  an  ingenious  modification  into  the  apparatus.     Tho 


Fig.  ijfS,  Kif.  137- 
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rii.  is9» 


longer  branch  is  drawn  out  to  a  fine  point,  and  is  joined  to  a  tube  V 
form  represented  in  fig,  138.     This  arrangement  forms  an  airdrop  \\ 
passes  through  the  capillary  tube  tt  cannot  penetrate  the  drawn-out  extremity 
of  the  longer  branch,  but  lodges  in  the  upper  part  of  the  enlargement  B, 
In  this  position   it   docs  not  affect  the  obscr\'ations,  since  the  vacuum  i» 
always  at  the  upper  part  of  the  tube  ;  it  is,  moreover,  easily  removed. 

In  the  syphon  barometer  the  shorter  branch  is  dosed,  but  there  b  m. 
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aperture  in  ihc  side  i,  through  which  the  atmospheric  pressure  is 


mrtric  height  is  determined  by  means  of  two  scales,  which  have 

It  O^  towards  the  middle  of  the  longer  branch,  and  are  gra- 

tf)'  directions,  the  one  from  O  to  E,  and  the  other  from  O  to 

the  tube  itself,  or  on  brass  rules  fixed  parallel  to  the  tube.     Two 

'--rs,  m  and  «,  indicate  tenths  of  a  millimetre.     The  total  height  of 

'-ir,  AB,  is  the  sum  of  the  distances  from  O  to  A  and  from  O  to  B» 

.  .^.  .  >y  ftrpresents  a  ver)--  convenient  mode  of  arranging  the  open  end  ot 

\  irphoQ  barometer  for  transport*     The  quantity  of  mercury  is  so  arranged 

1I43  «ben  the  Torricellian  space  is  quite  filled  with  mercury^  by  inclining  the 

tok  lJ>c  enlargimient  is  just  filled  to  d.     This  is  closed  by  a  carefully  fitted 

isi  fijwd  on  the  end  of  a  glass  tube  about  a  millin^etre  in  the  clear,  which 

ainfs  lor  Uie  expansion  of  mercury  by  heat     When  the  barometer  is  to  be 

aeii,  die  oork  and  tube  arc  raised. 

i6&  9\  •aamttaas  tn  referesoe  to  l>arometers. — In  constructing  baro* 
\  mrrcury  is  chosen  in  preference  to  any  other  liquid,  for,  being  the 
[  of  all  liquids,  it  stands  at  the  least  height.  When  the  mercurial 
sbuids  at  30  inches,  the  water  barometer  would  stand  at  about 
J|fBBt(f65).  1 1  also  deserves  preference  because  it  docs  not  moisten  the 
^ta/L  It  is  necessar)*  that  the  mercury  be  pure  and  free  from  oxide^  other- 
vlKil  urThrrr^  tn  thc  glass  and  tarnishes  it.  Moreover,  if  it  is  impure  its 
^mtkCf  d,  iind  the  height  of  the  barometer  is  too  great  or  too  smalL 

Mouuy  ^.  p^«  «acd,  before  being  used  for  barometers,  by  treatment  with 
fltfs  nitric  acid^,  and  by  distillation. 

Tbr  sfiACc  at  the  top  of  the  tube  (tigs.  130  and  135),  which  is  called  the 
I  nmiiMitm  vacuum^  must  be  quite  free  from  air  and  from  aqueous  vapour, 
'  dthcr  would  depress  the  mercurial  column  by  its  elastic  force, 
\  this  re»ultf  a  small  quantity  of  pure  mercury  is  placed  in  the  tube 
\  Ibf  some  time.     It  is  then  allowed  to  cool,  and  a  further  quantity, 
wsirmcd,  added,  which  is  boiled,  and  so  on,  until  the  tube  is  quite 
-nanner  thc  moisture  and  the  air  which  adhere  to  the  sides  of  the 
.*5s  oflf  with  the  mercurial  vapour.     A  barometer  tube  should  not 
ir,  far  otherwise  the  mercury  is  moved  with  difficulty ;  and  l3cfore 
:  o^  the  barometer  should  be  tapped  so  as  to  get  rid  of  the  adhesion 


the 


ts  free  from  air  and  moisture  if,  when  it  is  inclined, 
stnlces  with  a  sharp  metallic  sound  against  the  top 
cube*     If  there  is  air  or  moisture  in  it,  ihe  sound  is 


Dbt  ctt^USmrity. — In  cistern  barometers 

altra^rt  %  certain  depression  of  the  mercurial  column 

cafnillfity»  unless  the  internal  diameter  of  the  tube 

cr^  iadlr     To  make  thc   correction  due  to   this 

it  Is  not  enough  to  know  the  diameter  of  the 

idso  know  thc  height  of  thc  meniscus  od  {h%. 

accorcyng  as   the   meniscus   has   been 

ascending  or  descending  motion  of  the  mercury  in 

Cofite^paoitly^  the  height  of  the  meniscus  must  be  determined 


Fig*  140. 
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bringing  the  pointer  to  the  level  ad^  and  then  to  the  level  </,  when  the  differ- 
ence of  the  readings  will  give  the  height  od  required.  These  two  terms — 
namely,  the  internal  diameter  of  the  tube  and  the  height  of  the  meniscus- 
being  known,  the  resulting  correction  can  be  taken  out  of  the  following 
table: 


Internal 
d&uneter 
in  inches 


0-I57 
0-236 
0-315 
0394 
0-472 
0-550 


Height  of  sagitta  of  meniscus  in  inches 
o'oio       ,       0*015  o'oao  0*025  0*030  o**>35 


00293 
0*0119 
0-0060  I 
0-0039 
0*0020 

oooio  I 


0*0431  ' 
0-0176  I 
0*0088 
0-0048 
0*0029  '< 
0*0017 


00555 

0-0231 
o'oii8 
0-0063 
ox»36 
00024 


0-0677  ' 

0-0294  i 

0-0144 

00078 

0-0045 

0*0029 


0-0780 
0-0342 
0-0175 
0-0095 
0-0053 
0-0034 


00870 
0-0398 
0-0196 
o-oi  10 
00063 
0-0039 


0*0948 
0-0432 

OX>22I 
OX>I25 
0-0073 

0-0044 


In  the  syphon  barometer  the  two  tubes  are  of  the  same  diameter,  so 
that  the  error  caused  by.  the  depression  in  the  one  tube  very  nearly  corrects 
that  caused  by  the  depression  in  the  other.  As,  however,  the  meniscus  ia 
the  one  tube  is  formed  by  a  column  of  mercury  with  an  ascending  motioiii 
while  that  in  the  other  is  formed  by  a  column  with  a  descending  motioOi 
their  heights  will  not  be  the  same,  and  the  reciprocal  correction  \»ill  not  be 
quite  exact 

170.  CorreetloB  for  temperature. — In  all  observations  with  barometeiSi 
whatever  be  their  construction,  a  correction  must  be  made  for  temperature. 
Mercury  contracts  and  expands  with  different  temperatiu-es,  hence  its 
density  changes,  and  consequently  the  barometric  height,  for  this  height  b 
inversely  as  the  density  of  the  mercury,  so  that  for  different  atmospheric 
pressures  the  mercurial  column  might  have  the  same  height.  Accordingly, 
in  each  observation  the  height  observed  must  be  reduced  to  a  determinate 
temperature.  The  choice  of  this  is  quite  arbitrary,  but  that  of  melting  ice  is 
always  adopted  in  practice.  It  will  be  seen,  in  the  Book  on  Heat,  how  this 
correction  is  made. 

171.  VarlatioBs  in  tlie  taeifftat  of  tlie  barometer. — When  the  barometer 
is  observed  for  several  days,  its  height  is  found  to  vary  in  the  same  place, 
not  only  from  one  day  to  another,  but  also  during  the  same  day. 

The  extent  of  these  variations — that  is,  the  difference  between  the  greatest 
and  the  least  height — is  different  in  different  places.  It  increases  from  the 
equator  towards  the  poles.  Except  under  extraordinar>'  circumstances,  the 
greatest  variations  do  not  exceed  six  millimetres  under  the  equator,  30  under 
the  tropic  of  Cancer,  40  in  France,  and  60  at  25  degrees  from  the  jwle.  The 
greatest  variations  are  observed  in  winter. 

The  Mean  daily  height  is  the  height  obtained  by  dividing  the  sum  of  24 
successive  hourly  observations  by  24.  In  our  latitudes  the  barometric  height 
at  noon  corresponds  to  the  mean  daily  height. 

The  mean  monthly  height  is  obtained  by  adding  together  the  mean  daily 
heights  for  a  month,  and  dividing  by  30.  The  mean  yearly  height  is  siiiii« 
larly  obtained. 

Under  the  equator,  the  mean  annual  height  at  the  level  of  the  sea  is 
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o"758,  or  29-84  inches.     It  increases  from  the  equator,  and  between  the 
latitudes  30''  and  40®  it  attains  a  maximum  of  o"763,  or  30x54  inches.     In 
lower  latitudes  it  decreases,  and  in  Paris  it  does  not  exceed  0^7 568. 
The  general  mean  at  the  level  of  the  sea  is  ©"761,  or  29-96  inches. 
The  mean  monthly  height  is  greater  in  winter  than  in  summer,  in  conse- 
'^aence  of  the  cooler  atmosphere. 

Two  kinds  of  variations  are  observed  in  the  barometer  : — ist,  the  acct- 
icfU^il  zutricUions^  which  present  no  regularity  ;  they  depend  on  the  seasons, 
•-iic  direction  of  the  winds,  and  the  geographical  position,  and  are  common 
::  -xir  climates  ;  2nd,  the  daily  variations^  which  are  produced  periodically 
1!  certain  hours  of  the  day. 

At  the  equator,  and  between  the  tropics,  no  accidental  variations  are 
--.bsened  ;  but  the  daily  variations  take  place  with  such  regularity  that  a 
barometer  may  ser\-e  to  a  certain  extent  as  a  clock.  The  barometer  sinks 
from  midday  till  towards  four  o'clock ;  it  then  rises,  and  reaches  its  maximum 
a:  about  four  o'clock  in  the  evening.  It  then  again  sinks,  and  reaches  a 
second  minimum  towards  four  o'clock  in  the  morning,  and  a  second  maxi- 
asm  at  ten  o'clock.  In  the  temperate  zones  there  are  also  daily  variations, 
be:  they  are  detected  with  difficulty,  since  they  occur  in  conjunction  with 
Acddcntal  variations. 

The    hours  of  the  maxima  and  minima  appear  to  be  the  same  in  all 

j-itt*-,  whatever  be  the  latitude  ;  they  merely  vary  a  little  with  the  seasons. 

:  ~2.   Cmi&»«s  of  barometrio  Tariatloiis. — It  is  observed  that  the  course 

•'  •  -.'    "jaromcter  is  generally  in  the  opposite  direction  to  that  of  the  thermo- 

-*?-'.:  :   that  is,  that  when  the  temperature  rises,  the  barometer  falls,  and  vice 

•  .'•-    •  :   which  indicates  that  the  barometric  variations  at  anyjjiven  place  are 

:.-  ^'.  1  f-<i    by  the  expansion  or  contraction  of  the  air,  and  therefore  by  its 

:.»-.'•  in  density.     If  the  temperature  were  the  same  throii):,'hout  the  whole 

— .  .  r.-    .f  the  .itmosphere,  no  currents  would  be  produced,  and  at  the  same 

■-•:  .  *.',   ;itmr)spheric   pressure  would  be  ever>'where   the  same.     Hut  when 

i-     :--.r::«>n  of  the  ^itmosphere  becomes  warmer  than  the  nei^'hbourin^^  parts, 

.,    .ry  .::!.-    ;;ravity  is  diminished,  and  it  rises  and   passes  away  throu;^'h 

r:.'r    re;^ions  of  the  atmosphere,  whence  it  follows  that  the  pressure 

:  '-.  r,  .^hed,  and  the  barometer  falls.     If  any  portion   of  the  atmosphere 

-".i  -.  i  :ts  temperature,  while  the  neighbouring^  parts  bec(>me  cooler,  the  same 

-r»    •  .^  prfKiuced  ;  for   in   this  case,  too,  the  density  of  the  first-mentioned 

:.  r-:    '-.  :>  Ifss  than  that  of  the  others.     Hence,  also,  it  usually  happens  that 

*r  ^  .*r;iordinar>'  fall  of  the  barometer  at  one  place  is  counterbalanced  by  an 

» — 1  r-ii nary  rise  at  another  place.     The  daily  variations  appear  to  result 

:-  — .  -hT    expansions  and  contractions  which  are   periodically  produced   in 

•-r-  >-*:-' sphere  by  the  heiit  of  the  sun  during  the  rotation  of  the  earth. 

-  \  Selatlon  of  barometrto  ▼ariatlons  to  tbe  state  of  tbe  weatber. — 
■  r^:  'iKKT\  obser>ed  that,  in  our  climate,  the  barometer  in  tine  weather  is 
r*r^-illy  above  30  inches,  and  is  below  this  point  when  there  is  rain,  snow, 
1  r..l.  ^r  *torm  ;  and  also,  that  for  any  given  number  of  days  at  which  the 
A.-  rrfr'cr  stands  at  30  inches,  there  are  as  many  fine  as  rainy  days.  From 
•r.  «  :'.T.^:dence  between  the  height  of  the  barometer  and  the  state  of  the 
■•■->.•-•  r.  the  following  indications  have  been  marked  on  the  barometer, 
-  •--•:'./  >iy  thirds  of  an  inch  above  and  below  30  inches  : — 
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•Height 

State  of  the  weather 

31  inches 

.     Very  dry. 

jof   „    • 

.    Settled  weather. 

304    «    . 

.    Fine  weather. 

30     „    . 

.    Variable.. 

29f   »    . 

.    Rain  or  wind. 

294  ,»    . 

.    Much  rain. 

29     „    . 

.    Tempest 

In  using  the  barometer  as  an  indicator  of  the  state  of  the  wi 
must  not  forget  that  it  really  only  serves  to  measure  the  weight  of 
sphere,  and  that  it  only  rises  or  falls  as  the  weight  increases  or  di 
and  although  a  change  of  weather  frequently  coincides  with  a  chai 
pressure,  they  are  not  necessarily  connected.  This  coincidence  a 
meteorological  conditions  peculiar  to  our  climate,  and  does  not  oc 
where.  That  a  fall  in  the  barometer  usually  precedes  rain  in  our  b 
caused  by  the  position  of  Europe.  The  prevailing  winds  here  are 
west  and  north-east  The  former,  coming  to  us  from  the  equatori« 
are  warmer  and  lighter.  They  often,  therefore,  blow  for  hours  or 
in  the  higher  regions  of  the  atmosphere  before  manifesting  themsel 
surface  of  the  earth.  The  air  is  therefore  lighter,  and  the  pressi 
Hence  a  fall  of  the  barometer  is  a  probable  indication  of  the  s 
winds,  which  gradually  extend  downwards,  and  reaching  us,  aft 
traversed  large  tracts  of  water,  are  charged  \\nth  moisture,  and  brir 
The  north-east  blows  simultaneously  above  and  below,  but  the  h 
to  the  motion  of  the  current  on  the  earth,  by  hills,  forests,  and  hou 
the  upper  current  to  be  somewhat  in  advan 
lower  ones,  though  not  so  much  so  as  the  s 
wind.  The  air  is  therefore  somewhat  hea 
before  we  perceive  the  north-cast,  and  a  ri 
barometer  affords  a  forecast  of  the  occurren 
wind,  which,  as  it  reaches  us  after  having  pa 
the  immense  tracts  of  dry  land  in  Central  and 
Europe,  is  mostly  dry  and  fine. 

When  the  barometer  rises  or  sinks  slowl 
for  two  or  three  days,  towards  fine  weather  o 
rain,  it  has  been  found  from  a  great  number  o: 
tions  that  the  indications  are  then  extremely 
Sudden  variations  in  either  direction  indi 
weather  or  wind. 

174.    IVlieel  barometer. — The   wheel  i 

which  was  invented  by  Hooke,  is  a  s>7>hon  b 

and  is  especially  intended  to  indicate  good 

weather  (fig.  141).     In   the  shorter  leg  of  tl 

there  is  a  float  which  rises  and  falls  with  the 

A  string  attached  to  this  float  p«'isses  round 

and  at  the  other  end  there  is  a  weight,  somewl 

than  the  float.     A  needle  fi.\cd  to  the  pull 

round  a  graduated  circle,  on  which  is  marked  stormy,  ntin^  set 

When  the  pressure  varies  the  float  sinks  or  rises,  and  moves  the  nee 

to  the  corresponding  points  on  the  scale. 
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^^^^^^^Bters  ordinarily  met  with  in  houses,  and  which,  are  called 
HI^^BI^arc  of  ihis  kind  They  arc,  however,  of  little  us«,  for  two 
The  first  IS,  that  they  are  neither  ver>^  delicate  nor  very-  accurate 
The  second,  which  applies  equally  to  all  barometers,  is 
■t  thoee  comOMmly  in  use  in  this  country  are  made  in  London,  and  the 
jiraiiwii^  '  *  ire  of  any  value,  are  only  so  for  a  place  of  the  same  level 
liftftlbt  liatic  conditions  as  London.     Thus  a  barometer  standing 

a  GStain  height  in  I-ondon  would  indicate  a  certain  state  of  weather,  but 
ts»  Shooter's  Hill  it  would  stand  half  an  inch  lower,  and  would 
fiote  a  dB&FeQt  state  of  weather.  As  the  pressure  differs  with  the  level 
it  villi  giepgT3iphical  conditions,  it  is  necessary  to  take  these  into  account 
act  cko^ft  ai^  wanted. 

I7S-  M%MM%  bmrometar. — For  accurate  obser\'a- 
li  Reg^uuiU  uses  a  barometer  the  height  of  which 
iBf  illTTi  by  means  of  a  cathetomcter  (88).  The 
kBEn  (i^-  143)  Is  of  cast  iron  ;  against  the  frame  on 
idhif  v»  fupponcd  a  screw  is  fitted,  which  is  pointed 
Mh  cndv  i»nd  the  length  of  which  has  been  dcter- 
Ux  all,  by  the  cathetomcter.  To  mea- 
ictric  height,  the  screw  is  turned  until 
the  surface  of  the  mercur>*  in  the 
|ch  tA  llic  case  wlicn  the  point  and  its  imai^e 
Tlic  disUince  then  from  the  top  of 
tlic  level  of  the  mcrcur)'  in  the  tube  b  is 
ihe  cathctiimetcr,  and  this,  together  with 
of  the  screw,  gives  the  barometric  height 
;iin»cy.  This  barometer  has,  moreover, 
that,  as  a  tube  an  inch  in  diameter 
ilfedt  the  influence  of  capil!arity  becomes 
ctmstructicm,  moreover,  is  vcr>' 
ion  of  the  scale  leads  to  no  kind 
^  transferred  to  the  cathetometer. 
latter  instrument  requires  great 
in  it»  coontruction,  and  is  expensive. 
174,  WUfWtstmm  imr^itietari^ — Jordan  has  recently 
a  ti«iromcicr  in  which  the  liquid  used  is 
l»  0yc«iae  This  lias  the  specific  gravity  i*a6, 
the  length  of  the  column  of  liquid  is 
thjui  ten  limes  that  of  mercury- ;  hence 
^  jteiAtkms  it)  the  atmospheric  pressure  produce 
ilLitions  in  the  height  of  the  liquid, 
"nary  composition  gas- tubing 
liB  I  of  all  V,  rneter  and  28  feet  or  so  in 

1^;  ilMe  law^  c:*  :  ]^  '\  and  dips  in  the  cistern, 
wmef  be  fiftacei]  1  .  r  ;|.ir  ;  the  top  is  scaled  to 
^flu^tobe  at    II    I  rneter,  in  which  the 

■ioQSol'tlifecx'lurnn  .in  o  .  rpvcd,     This  tnay  be  arranged  in  an  upper 
Vief ,  anl  d>e  tubing,  being  easily  bent,  lends  itself  to  any  adjustment 
requires. 

LI 


Its 


the 


\ 
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The  vapour  of  glycerine  has  vciy  low  tension  at  ordinary  tempers 
and  is  therefore  not  so  exposed  to  such  back  pressures,  varying  wi 
temperature,  as  is  water  On  the  other  hand,  it  readily  attracts  mi 
from  the  air,  whereby  the  density  and  therewith  the  height  of  the 
column  var)'.  This  is  prevented  by  covering  the  liquid  in  the  cistern 
layer  of  paraflfine  oil. 

The*  Pbilnsophicai  Magazine,'  vol.  xxx*  Fourth  scries,  pa^  349^  cc 
a  detailed  accf»unt  of  a  mcih^id  of  constructing  a  water  barometer, 

177.  Suyirlieiiii*  ttaroineter* — The  desire  to  amplif>'  the  small  xixr 
which  take  place  in  the  barometer  has  ted  to  a  number  of  contriviuic* 
of  the  best  known  of  which  was  invented  by  Huyghens  (fig.  143). 

The  barometer  tube  a  is  wider  at  the  dosed  end  A,  and  also  at  r,  \* 
liquid  of  smaller  specific  ^avity  than  mercury,  such  as  coloured  Wi 
poured  on  the  mercur>'  \  it  fills  the  rest  of  the  tube  ^  and  a  portion  of  i 

Suppose  if  and  c  to  have  the  same  diameter,  which  is  n  times  tha 
When  the  column  of  mercur>'  in  h  sinks  through  x  millimetres,  the  1 
the  mercur>'  in  c  rises  just  as  much,  while  the  coloured  liquid  rises  nx 
metres,  and  therefore  its  level  is  (/*--i)x  millimeiTes  higher,  A  coh 
this  liquid  (/t-  i)x  in  height  has  the  same  pressure  as  a  column  of  m 

^'  ^—^'^-  in  height^  where  s  is  the  number  expressing  the  ratio  of  the  s 
s 

gravities  of  mercurj^  and  the  liquid. 

Accordingly,  when  the  mercury  in  d  sinks  Ji 

metres^ 


i 


I 


ra294y. 


is  the  height  of  the  column  of  mcrcur}*,  whi«"h 
s ponds  to  the  decrease  of  atmospheric  pressure. 
this  we  have 

2^  4-  If  -  I 

Thus,  if  the  section  of  the  tubes  h  and 
that  of  r/,  and  if  the  coloured  liquid 
have 

i3-6y       ,l>6y. 
27-2  +  20-1      462 

Accordingly,  when  an  or  dinar)'  harome 
throughly  millimetres,  the  mercury*  in  h  sink 
millimetres,  while  the  coloured  liquid  ri^cs  2o| 
-  I'SSy.  Whenever,  that  is,  an  ordinary 
sinks  or  rises  i  millimetre,  the  coloured  liquid  H 
sinks  5*ij8  millimetTCS,  or  nearly  six  times  as  mi 
Such  barometers  are  useful  in  caM-s  whei 
variations  in  the  height  of  the  barometer*  rathri 
its  actual  height,  are  to  be  obscncd*  The 
should  be  placed  behind  the  tube  tf,  and  two  points  fixed,  near  the  to 
bottom,  by  con\parison  with  standard  barometers  ;  the  interval  bttwti 
two  If  ^en  suiubly  divided. 


Mtff 


v-y 
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17&  wmmmammMiom,  •r  lilgim  ^  tbm  iNUPooMtMr. — Since  the  atmo- 
^benc  pressure  decreases  as  we  ascend,  it  is  obvious  that  the  barometer 
viD  keep  on  fidfing  as  it  is  taken  to  a  greater  and  greater  height 
On  this  depends  a  method  of  determining  the  difference  between  tB 
Ae  heights  of  two  stations,  such  as  the  base  and  summit  of  a 
■wmrain     The  method  may  be  explained  as  follows. 

According  to  Boyle's  law  (iSo)^  if  the  temperature  of  an  enclosed 
pofiion  of  air  continues  constant,  its  volume  will  vary  inversely  as 
Ike  pressure  ;  that  is  to  say,  if  we  dou1)le  the  pressure  we  shall  halve  -|-Q 
the  Tohme.  Bat  if  we  halve  the  volume  we  manifestly  double  the  -  P 
qoaatity  of  air  in  each  cubic  inch — that  is  to  say,  we  double  the 
iknsity  of  the  air ;  and  so  on  in  any  proportion.  Consequently  the 
kw  is  eqinvalent  to  this  : — Tkai  for  a  constant  temperature  the 
imsUy  ifmr  is  fraportiomal  to  ike  pressure  which  it  sustains. 

Now  suppose  K  and  B  (fig.  144)  to  represent  two  stations,  and 

Att  it  is  required  to  determine  the  verticsd  height  of  B  above  A,  it      J^ 

kdng  borne  in  mind  that  A  and  B  are  not  necessarily  in  the  same   p. 

mical  line.    Take  I^  any  point  in  AB,  and  Q,  a  point  at  a  small     ^^'  '^' 

Asiance  above  P.  Suppose  the  pressure  on  a  square  inch  of  the  atmosphere 

1:  P  to  be  denoted  by/,  and  at  Q  let  it  be  diminished  by  a  quantity  denoted 

^  dp.      It  is  clear  that  this  diminution  equals  the  weight  of  the  column  of 

air  between   P  and  Q,  whose  section  is  one  square  iinch.    But,  since  the 

c»na::y  of  the  air  is  directly  proportional  to/,  the  weighty  of  a  cubic  inch  of 

tr-aill  equal  kgp^  where  k  denotes  a  certain  quantity  to  be  determined 

^-^^r.tly,  and  ^  the  accelerating  force  of  gravity  (79).     Hence,  if  we  denote 

W^  ;n  inches  by  dx^  the  pressure  v^ill  be  diminished   by  kpg  .  dx^  and  we 

=a>  represent  this  algebraically  by  the  equation 

kpg ,  dx^dp, 
b.-  2  certain  algebraical  process  this  leads  to  the  conclusion  that 

't^X-logJ, 

v*r*  X  denotes  the  height  of  AB,  and  P  and  Pj  the  atmospheric  pressures 
*:  A  and  B  respectively,  the  logarithms  being  what  arc  called  *  Napierian 
■  :i:::hins.'  Now,  if  H  and  H,  are  the  heights  of  the  barometer  at  A  and 
^  ^pcctively,  the  temperature  of  the  mercur>'  being  the  same  at  both 
*^ionx  their  ratio  equals  that  of  P  to  P„  and  therefore 

It  remains  to  determine  k  and  g, 

I  Since  the  force  of  gravity  is  different  for  places  in  different  latitudes, 
f  *iil  depend  upon  the  latitude  (82).  It  is  found  that  if^  is  the  accelerating 
fc'tt  of  gra\'ity  in  latitude  ^,  and/ that  force  in  latitude  45®,  then 


*       I  +  0-00256  cos  2  ^' 


*t«re/has  a  definite  numerical  value. 
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(2)  If  <r  is  the  density  of  air  at  a  temperature  of  /®  C,  under  Q,  the  pres- 
sure exerted  by  29-92  inches  of  mercury,  we  shall  have 

But  it  will  be  afterwards  shown  (332)  that  if  p^  is  the  density  of  air  under 
the  same  pressure  Q  at  o**  C,  we  shall  have 

where  a  represents  the  coefficient  of  exj)ansion  of  gases.    Therefore 

i-t-o/ 

Now  if  a  is  the  density  of  mercury,  and  if  the  latitude  is  45®,  we  shall 
have 

Q  =  29-92.  or/; 
and  therefore 


Jk/^en. 


I 


29-92  (i  +rt/)  * 

But  pQ-i-a  is  the  ratio  which  the  density  of  dry  air  at  a  temperature  o®  C, 
in  latitude  45*^,  under  a  pressure  of  29*92  inches  of  mercury,  bears  to  the 
density  of  mercury  at  cP  C.,  and  therefore  Pq-j-o"  is  a  determinate  number. 
Substituting,  we  have 

P - 2992  in. .    *^  (I  +  0002 56  cos  2^) (X  +  a/)  log  ^  • 

The  value  of  a  is  0*003665,  which  is  nearly  equal  to  jJJ-.  If  we  substitute 
the  proper  values  for  (T-^Po,  and  change  the  logarithms  into  common  loga- 
rithms, and  instead  of  /  use  the  mean  of  T  and  Tj,  the  temperatures  at  the 
upper  and  lower  stations,  it  will  be  found  that 

X  (in  feet)  ~  60346  (i  +  000256  cos  2<^)  (i  +  ^IL'^J'jh  log  JJ  , 

which  is  La  Place's  barometric  formula.  In  using  it,  we  must  remember 
that  T  and  Tj  are  temperatures  on  the  Centigrade  thermometer,  and  that  H 
and  Hj  are  the  heights  of  the  barometer  reduced  to  o®  C.  Thus  if  A  is  the 
measured  height  of  the  barometer  at  the  lower  station  we  have 


\      65c 


6500/ 

If  the  height  to  be  measured  is  not  great,  one  obsener  is  enough.  For 
greater  heights  the  ascent  takes  some  time,  and  in  the  intcr\al  the  pressure 
may  vary.     Consequently  in  this  case  there  must  be  two  observers,  one  at 

each  station,  who  make  simultaneous  obsenations.  < 

Let  us  take  the  following  example  of  the  above  formula  : — Suppose  that  3 

in  latitude  65°  N.  at  the  lower  of  the  two  stations  the  height  of  the  barometer  ^ 

was  30025  inches,  and  the  temperature  of  air  and  mercur>'  I7°"32  C,  m-hile  ^ 

at  the  upper  the  height  of  the  barometer  was  28*230  inches,  and  the  tcmpeta^  ^ 

ture  of  air  and  mercury  were  io°-55  C.     What  is  the  height  of  the  upper  *] 

station  above  the  lower  ?  \j 


f 
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(ij  Find  H  and  Hi :  viz. 

H-.v.x>2s(i-'/-2) -29-945. 

Henre  log—- «  i -4763243 - 1  4500026 - 002632 17. 
^\ 

(2)  Find  I  +?i — - — ^  viz.  1*05574. 

1000  ''^ 

3)  Find  I  +0*00256  cos  2<^. 

Since  0*00256  cos  130®-  -0*00256  cos  50®-  -0*001645, 

dicrcforc  i  +  0*002  56  cos  2<^  =  —  0*9983  5  5. 

Hence  the  required  height  in  feet  equals 

60346  X  o*9983«»5  X  1*05574  K 0-0063217-  1674. 
If  H  and  H^  do  not  greatly  differ,  the  Napierian  logarithm  of 
H        H-H^ 

H,    h  +  h; 

■f.  for  instance,  H=>3o  and  Hj-29  inches,  the  resulting  error  would  not 
' .  ted  the  j^^^^  part  of  the  whole.  Accordingly  for  heights  not  exceeding 
;  -XX)  ft.  we  may,  without  much  error,  use  the  formula 

i7<>  3talilinanii*s  obserratloiis. — The  results  obtained  for  the  difference 
:  b.ti-f^ht  of  places  by  using  the  above  formula  often  differ  from  the  true 
;.•  ^ht:>  as  measured  trigonometrically,  to  an  extent  which  cannot  be  ascribed 
tr^^fT^  in  observation.  The  numbers  thus  found  for  the  heights  of  places 
j-r  inriuenced  by  the  time  of  day,  and  also  by  the  season  of  year,  at  which 
•i  '->  arc  made.  Ruhlmann  has  investigated  the  cause  of  this  discrepancy 
.\  a.  series  of  direct  barometric  and  thermomctric  observations  made  at  two 
'.:nV-rent  stations  in  Saxony,  and  also  by  a  comparison  of  the  continuous 
-r  r*:-  rif  observations  made  at  Geneva  and  on  the  St.  Bernard. 

R  jhlmann  has  ascertained  thus  that  the  cause  of  the  discrepancy  is  to  be 
♦    ^T.'i  in  the  fact  that  the  mean  of  the  temperatures  indicated  by  the  ther- 
-.  -rr.trtcT  at  the  two  stations  is  not  an  accurate  measure  of  the  actual  mean 
•rn-iperature  of  the  column  of  air  between  the  two  stations,  a  condition  which 
.r  ii-sumed  in  the  above  formula.     The  variations  in  the  temperature  of  the 
c  rlumn  of  air  are  not  of  the  same  extent  as  those  indicated  by  the  thermo- 
ncter,  nor  do  they  follow  them  so  rapidly  ;  they  drag  after  them  as  it  were. 
If  'iic  mean  monthly  temperatures  at  the  two  fixed  stations  arc  introduced 
z.io  the  formula,  they  give  in  winter  heights  which  are  somewhat  too  low, 
iad  m  summer  such  as  are  too  high.     The  results  obtained  by  introducing 
•'r.t  mean  yearly  temperature  of  the  two  stations  are  very  near  the  true  ones. 
This  influence  of  temperature  is  most  perceptible  in  individual  observa- 
tions of  low  heights.    Thus,  using  the  obser\ed  temperatures  in  the  baromeuic 
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formula,  the  error  in  height  of  the  Uetliberg  above  Zurich  (about  1,700  feci) 
was  found  to  be  ^  of  the  total,  while  the  height  of  the  St  Bernard  above 
Geneva  was  found  within  j|g  of  the  true  height. 

The  reason  why  the  thermometers  do  not  indicate  the  true  temperature 
of  the  air  is  undoubtedly  that  they  are  too  much  influenced  by  radiation 
from  the  earth  and  surrounding  bodies.  The  earth  is  highly  absorbent,  and 
becomes  rapidly  heated  under  the  influence  of  the  sun's  rays,  and  becomes 
as  rapidly  cooled  at  night ;  the  air,  as  a  very  diathermanous  body,  is  but 
little  heated  by  the  sun's  rays,  and  on  the  contrary  is  little  cooled  by  radia- 
tion during  the  night 
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CHAPTER  II. 

MEASUREMENT  OF  THE  ELASTIC   FORCE  OF  GASES. 

1 8a  Boyle's  law. — The  law  of  the  compressibility  of  gases  was  dis- 
overcd  by  Boyle  in  1662,  and  afterwards  independently  by  Mariotte  in  1679. 
I:  is  in  England  commonly  called  *  Boyle's  Law/  and,  on  the  Continent, 
•Mariotte's  law.'     It  is  as  follows  : — 

Tki  Umfierature  remaining  the  same,  the  volume  of  a  given  quantity  of 
its  is  inversely  as  the  pressure  which  it  bears. 

This  law  may  be  verified  by  means  of  an  apparatus  devised  by  Boyle 
^j  \\>  .  It  consists  of  a  long  glass  tube  fixed  to  a  vertical  support :  it  is 
:r-.  at  rhc  upper  part,  and  the  other  end,  which  is  bent  into  a  short  vertical 
•..  >  closed-  On  the  shorter  leg  there  is  a  scale,  which  indicates  equal 
•*:<ic::ic>  :  the  scale  against  the  long  leg  gives  the  heights.  The  zero  of 
•:.  .<alf.s  is  in  the  same  horizontal  line. 

A  small  quantity  of  mcrcur>'  is  poured  into  the  tube,  so  that  its  level  in 
•Vi  branches  is  at  zero,  which  is  effected  without  much  difficulty  after  a  few 
"'•-.  n^\  145}.  The  air  in  the  short  leg  is  thus  under  the  ordinary'  atmo- 
■\>.r.*.  j>ressure  which  is  exerted  through  the  open  tube.  Mercur>'  is  then 
>''':c  into  the  longer  tube  until  the  volume  of  the  air  in  the  smaller  tube  is 
".  f:.:  to  one-half;  that  is,  until  it  is  reduced  from  10  to  5,  as  shown  in 
-  :;6.  If  the  hci<,'ht  of  the  mercurial  column,  C.\,  be  measured,  it  will  be 
• 'i  txartly  equal  to  the  height  of  the  barometer  at  the  time  of  the  experi- 
'  "•-    The  pressure  of  the  column  CA  is  therefore  equal  to  an  atmosphere 

■  *,  .vith  the  atmospheric  pressure  acting  on  the  surface  of  the  column  at 
■  .iiwc>  two  atmospheres.  Accordingly,  by  doubling  the  pressure,  the 
~.*:  "f  the  gas  has  been  diminished  to  one-half 

It  n-ierrur>-  be  pK)ured  into  the  longer  branch  until  the  volume  of  the  air 
■"^u^ed  to  one-third,  it  will  be  found  that  the  distance  between  the  level 

■  ■^^  "Ao  tubes  is  equal  to  two  barometric  columns.  The  pressure  is  now 
"•■^  a'mospheres,  while  the  volume  is  reduced  to  one-third.  Dulong  and 
^'"*  have  verified  the  law  for  air  up  to  27  atmospheres,  by  means  of  an 
*Phfe"i!u-»  analogous  to  that  which  has  been  described. 

Tht  law  also  holds  good  in  the  case  of  pressures  of  less  than  one  atmo- 
ipvre.  To  establish  this,  mercury-  is  poured  into  a  graduated  tube  until  it 
'  i>  u*  t-Ao-thirds  full,  the  rest  being  air.  It  is  then  inverted  in  a  deep 
'^  -c'r.  M  containing  mercur>'  (fig.  147),  and  lowered  until  the  levels  of  the 
>-  ^r.  ip.side  and  outside  the  tube  are  the  same,  and  the  volume  AH  noted. 
•>  :-.*  is  then  raised,  as  represented  in  the  figure,  until  the  volume  of  air 
^^   .5  double  that  of  AB  (fig.  148).     The  height  of  the  mercury  in  the  tube 


above  the  mercury  in  the  troug^h  CD  is  then  found  to  be  exactly  half  the. 
height  of  the  bammctnc  column.  The  air  whose  volume  is  now  doubled  ts 
now  only  under  the  pressure  of  half  an  atmosphere ;  for  It  is  the  elastic  fores 
of  this  air  which,  added  to  the  weight  of  the  column  CD,  is  equivalent  to  tb« 
atmospheric  pressure.     Hence  the  volume  is  inversely  as  the  pressure* 

In  the  experiment  with  Boyle's  tube,  as  the  quantity  of  air  remains  thi 
same,  its  density  must  obviously  increase  as  its  volume  diminishes,  and  t'ti't 
7'frstt     The  law  may  thus  be  enunciated  : — * /urr  the  same  hmpetatun  the 
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k  ligilt«r  atoms  must  possess  a  greater  velocity  in  order  to  exert  the  same 
pGSRirc  AS  I  he  s*imc  number  of  atoms  of  greater  mass. 
:   111.  Wmy%itrm  law  U  only  ftpprozlmately  tru«. — UntU  within  the  last 
Ir  fian  lU^ylc's  law  \\*as  supposed  to  be  absoliuely  true  for  all  gases  at  all 
IfHaiiUH    *>^t    Desprcti 

kiiiicd    results    incom*       1^^^^^^  P^ 

\Stkt  with  the  law.  He 
ik  two  graduated  glass 
keof  tlie  same  h  t 
i  filled  oae  wich 
I  tfcc  other  witti  t!iL 
I  ^la  be  cxammed. 
rsc  tubes  were  pbced 
tbc  same  mercur>' 
i|gk  and  the  whole 
ianrii  1  iivunrrscd  in  a 
1^  glass  cy'Iindcr  filled 
■  water.  By  means 
p  p^tiKi  mcived  by  a 
worked  in  a 
ap  of  a  cr>  lin- 
|uid  could  be 
IgCMrd  l^^  an  increasing 
Mirc^  mtid  it  could  be 
p  w^hecher  the  com- 
i  of  the  f  wo  gases 
rcrnot  The 
:ibled  that 
lining  the 
lily  of  liquids 
In  this  manner 
foiasid  that  car- 
.^ddt  sulphuretted 
ammonia,  and 
arc  more  c<im- 
f  ibaa  air ;  hydro- 
lias  the  same  *"«'  '^9' 

f  as  air  up  10  15  atmospheres,  is  then  less  compressible.   From 
'pt  eapcfinictus  it  was  concluded  that  the  law  of  Boyle  was  not  general 
\Vm  «Kiae  exfieritiicnts  on  the  clastic  force  of  vapours,  Dulong  and  Arago 
I  ^ccuioo  to  tc*t  the  accuracy  of  Uoyle's  law.     The  method  adopted  was 
ketif  tliBf  «f  tkiyle,  but  the  apparatus  had  gigantic  dimensions. 
^Tlie  ^"^  riipressed  was  contained  in  a  strong  glass  tube,  GF  (fig. 

K  ab<H^'  '"^g  ^^^  closed  at  the  lop,  G.     The  pressure  was  pro- 

lan \ff  a  £*jliiiim  of  mercury»  which  could  be  increased  to  a  height  of  65 
RtOMniMd  to  a  long  vertical  tube,  KL,  formed  of  a  number  of  tubes 
wk^  jnis^  by  good  screws,  so  as  to  be  perfectly  tight. 
iW  iBbts  KL  and  c;F  were  hermetically  fixed  in  a  horiiontal  Iron  pipe 
£,  wlodb  Ibfiited  part   of  a  mercuria!  reservoir,  Ai     On  the  top  of  thi^ 
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reservoir  there  was  a  force-pump,  BC,  by  which  mercury  could  be  forced 
into  the  apparatus. 

At  the  commencement  of  the  experiment  the  volume  of  the  air  in  the 
manometer  (183)  was  obser\'ed,  and  the  initial  pressure  determined,  by 
adding  to  the  pressure  of  the  atmosphere  the  height  of  the  mercuo'  in  K 
above  its  level  in  H.  If  the  level  of  the  mercury  in  the  manometer  had 
been  above  the  level  in  KL,  it  would  have  been  necessary  to  subtract  the 
difference. 

By  means  of  the  pump,  water  was  injected  into  A.  The  mercury  being 
then  pressed  by  the  water,  rose  in  the  tube  GF,  where  it  compressed  the 
air,  and  in  the  tube  KL,  where  it  rose  freely.  It  was  only  then  necessar>' 
to  measure  the  volume  of  the  air  in  GF  ;  the  height  of  the  mercur>'  in  KL 
above  the  level  in  (}F,  together  with  the  pressure  of  the  atmosphere,  was 
the  total  pressure  to  which  the  gas  was  exposed.  These  were  all  the  elements 
necessary  for  comparing  different  volumes  and  the  corresponding  tempera- 
tures. The  tube  GF  was  kept  cold  during  the  experiment  by  a  stream  of 
cold  water. 

The  long  tube  was  attached  to  a  long  mast  by  means  of  staples.  The 
individual  tubes  were  supported  at  the  junction  by  cords,  which  passed 
round  pulleys  R  and  R',  and  were  kept  stretched  by  small  buckets,  P,  con- 
taining shot.  In  this  manner,  each  of  the  thirteen  tubes  having  been  sepa- 
rately counterpoised,  the  whole  column  was  perfectly  free  notwithstanding  its 
weight. 

Dulong  and  Arago  experimented  with  pressures  up  to  27  atmospheres, 
and  obser\'ed  that  the  volume  of  air  always  diminished  a  little  more  than  is 
required  by  Boyle's  law.  But  as  these  differences  were  ver>'  small,  they 
attributed  them  to  errors  of  obser\ation,  and  concluded  that  the  law  was 
perfectly  exact,  at  any  rate  up  to  27  atmospheres. 

Regnault  investigated  the  same  subject  with  an  apparatus  resembling 
that  of  Dulong  and  Arago,  but  in  which  all  the  sources  of  error  were  taken 
into  account,  and  the  observations  made  with  remarkable  precision.  He  found 
that  air  does  not  exactly  follow  Boyle's  law,  but  experiences  a  greater  com- 
pressibility, which  increases  with  the  pressure  ;  so  that  the  difference  between 
the  calculated  and  the  observed  diminution  of  volume  is  greater  in  pn>portioo 
as  the  pressure  increases. 

Regnault  found  that  nitrogen  was  like  air,  but  is  less  compressible. 
Carbonic  acid  exhibits  considerable  deviation  from  Boyle's  law  even  under 
small  pressures.  Hydrogen  also  deviates  from  the  law,  but  its  compressi- 
bility is  less  with  increased  pressure. 

Cailletet  examined  the  compressibility  of  gases  by  a  special  methtxl,  in 
which  the  pressure  could  hv  carried  as  high  as  boo  atmospheres.  His  results 
confirm  those  of  Rei^nault  as  regards  hydrogen  :  nitrogen  was  found  to 
present  the  curious  feature  that  towards  80  atmospheres  it  has  a  ftuiximum 
ri'lative  compressibility :  beyond  this  point  it  gradually  becomes  less  com- 
pressible, its  compressibility  diminishing  more  rapidly  than  that  of  hydrogen. 
Carbonic  acid  deviates  less  from  the  law  in  pro|K)rtion  as  the  temperature 
is  higher.  This  is  also  the  case  with  other  gases.  Amagat  m.ide  a  remark- 
able series  of  experiments  by  a  method  based  on  Boyle's  experiment  The 
pressure  could  be  applied  directly  by  means  of  mercury  in  a  steel  tube  about 


-188]  Manometers,  1 57 

1,000  feet  in  length,  arranged  in  the  shaft  of  a  deep  coal  pit,  and  suitably 
connected  at  the  bottom  with  a  carefully  calibrated  glass  tube.  In  this  way 
pressures  of  as  much  as  400  atmospheres  could  be  applied,  and  the  tempera- 
tnrcs  remained  constant.  With  the  exception  of  hydrogen,  all  gases  showed  a 
minimum  of  compressibility,  that  of  nitrogen  and  carbonic  oxide  at  66  atmo- 
spheres ;  air  and  ethylene  at  85  ;  oxygen  at  130,  and  marsh  gas  at  i6a  The 
deportment  of  ethylene  is  remarkable  ;  according  to  the  pressure  employed  it 
may  be  twice  or  one-third  as  compressible  as  is  required  by  the  law.  For 
jascs  which  arc  the  most  difficult  to  liquefy,  the  deviations  from  the  law  are 
incoosiderable,  and  may  be  quite  neglected  in  ordinary  physical  and 
diemical  experiments,  where  the  pressures  are  not  great. 

182.  AppUeattons  of  Boyle's  law. — Suppose  a  volume  of  gas  to 
measure  340  cubic  inches  under  a  pressure  of  535  mm.,  what  will  be  its 
volume  at  the  standard  pressure,  760  mm.  1 

Wc  have  V  -  340*535  „  238  cubic  inches. 

760  ^ 

In  like  manner  let  it  be  asked,  if  D'  is  the  density  of  a  gas  when  the 
fjarometcr  stands  at  H^  mm.,  what  will  be  its  density  D  at  the  same  tem- 
perature when  the  barometer  stands  at  H  mm.  ? 

Let  M  Ix;  the  mass  of  the  gas,  V  its  volume  in  the  first  case,  V  its  volume 
r.  :-if:  second.     Therefore 

DV  =  M  =  D'V' 

D^      V  ^  P   ^  H. 
7"'  .«.  :f  H'  denote  760  mm.,  we  have 

|_r 

Density  at  H'  ■»  (Density  at  standard  pressure "i  -    . 

760 


Bometers. —  Manometers  are  instruments  for  measuring  the 
•'T  -.  of  jjases  or  vapours.  In  all  such  instruments  the  unit  chosen  is  the 
r-'-M.r*-  of  one  atmosphere,  or  30  inches  of  mercury  at  the  standard  teni- 
>'-i*ur*  -  which,  as  we  have  seen,  is  nearly  15  lbs.  to  the  square  inch. 

Th'    r*prrt-air  manometer  consists  of  a  bent  glass  lube   HD  (fig.    150), 

•i*-'  Tj-A  t«»  the  bottom  of  a  reservoir  AC,  of  the  same  material,  containinj,^ 

-,- -    .r. ,  which  is  connected  with  the  closed  recipient  containing  the  gas  or 

-i'W'  '.T  th»-  pressure  of  which  is  to  be  measured.     The  whole  is  fixed  on  a 

•'._  Zvlank  kept  in  a  vertical  position. 

.-.  ^T.tduating  this  manometer  C  is  left  open,  and  the  number  i  marked 

*:  T*  >vel  of  the  mercur)',  for  this  represents  one  atmosphere.     From  this 

pr  •'•  The  numbers  2,  3,  4,  5,  6,  arc  marked  at  each  30  inches,  indicating  so 

n-ir.v  ktmosphcres,  since  a  column  of  mercury  30  inches  represents  a  pres- 

■^^'t  of  one  atmosphere.    The  inter\als,  from  i  to  2,  and  from  2  to  3,  &c.,  are 

V  id«d  into  tenths.     C  being  then  placed  in  connection  with  a  boiler,  for 

♦ULTiplf:,  the  mercur>*  rises  in  the  tube  BD  to  a  height  which  measures  the 

\      •r^r.'!on  fif  the  vapour.     In  the  figure  the  manometer  marks  2  atmospheres, 

f      ^'W-'v.  rtprescnts  a  height  of  30  inches,  plus  the  atmospheric  pressure  exerted 

E      *:  ^-^  Top  of  the  column  through  the  aperture  1). 

\ 
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This  manometer  is  only  used  when  the  pressures  do  not  exceed  5  to  6 
atmospheres.  Beyond  this,  the  length  of  tube  necessary  makes  it  very  in- 
convenient, and  the  following  apparatus  is  commonly  used. 


184. 


2t 


IV 


' fT— 

Fig.  150. 

185. 


wltla  compressed  mlr. — The  manometer  with  com- 
pressed air  is  founded  on  Boyle's  law :  one  form  is  repre- 
sented in  fig.  151,  which  may  be  screwed  into  a  boiler  or 
steam-pipe  where  pressure  is  to  be  measured.  The  pres- 
sure is  transmitted  through  the  opening  a,  into  the  closed 
space  b.  In  this  is  an  iron  vessel  containing  mercury,  in 
which  dips  the  open  end  of  the  manometer  tube,  which  is 
screwed  airtight  in  the  tubulure. 

In  the  graduation  of  this  manometer,  the  quantity'  of 
air  contained  in  the  tube  is  such  that  when  the  aperture 
A  communicates  freely  with  the  atmosphere,  the  level 
of  the  mercury  is  the  same  in  the  tube  and  in  the  tubu- 
lure. Consequently,  at  this  level,  the 
number  i  is  marked  on  the  scale  to 
which  the  tube  is  affixed.  As  the  pres- 
sure acting  through  the  tubulure  A  in- 
creases, the  mercury  rises  in  the  tube, 
until  its  weight,  added  to  the  tension  of 
the  compressed  air,  is  equal  to  the  ex- 
ternal pressure.  It  would  consequently 
be  incorrect  to  mark  two  atmospheres  in 
the  middle  of  the  tube ;  for  since  the 
volume  of  the  air  is  reduced  to  one-half^ 
its  tension  is  equal  to  two  atmospheres, 
and,  together  with  the  weight  of  the  mer- 
cury raised  in  the  tube,  is  therefore  more 
than  two  atmospheres.  The  position  of 
the  number  is  at  such  a  height  that  the 
elastic  force  of  the  compressed  air,  to> 
gether  with  the  weight  of  the  column  of 
mercury  in  the  tube,  is  equal  to  two 
atmospheres.  The  exact  position  of  the 
numbers  2,  3,  4,  &c.,  on  the  manometer 
scale  can  only  be  determined  by  calcula- 
tion. Sometimes  this  manometer  is  made 
of  one  glass  tube  ;  the  principle  is  ob\T- 
ously  the  same, 
interesting  application  of  Boyle's  law  is  met 
is  used  in  determinations  of  the  specific 

A  simple 


.  Volnmometer. — /\n 

with  in  the  volumometer^  which 

gravity  of  solids  which  cannot  be  brought  in  contact  with  water. 

form  consists  of  a  glass  tube  with  a  cylinder  G  at  the  top  (fig.  152),  the  edges 

of  which  are  carefully  ground,  and  which  can  be  closed  hermetically  by  means 

of  a  ground-glass  plate  D.     The  top  being  open,  the  tube  is  immersed  until 

the  level  of  the  mercury  inside  and  outside  is  the  s«ime  ;  this  is  represented 

by  the  mark  Z.     The  apparatus  is  then  closed  airtight  by  the  plate,  and  is 

raised  until  the  mercury  stands  at  a  height  h^  above  the  level  Q  in  the  batlw 
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The  original  volume  of  the  enclosed  air  V,  which  was  under  the  pressure  of 

the  atmosphere,  is  now  increased  to  V  +  z/,  since  the  pressure 

has  diminished  by  the  height  of  the  column  of  mercury  h. 

Calling  the  pressure  of  the  atmosphere  at  the  time  of  obser- 

ration  ^,  we  shall  have  V  :  V  +  z/-^— A  :  b. 

Placing  now  in  the  cylinder  a  body  K,  whose  volume  x  is 

onknown,  the  same  operations  are  repeated,  the  tube  is  raised 

onti]  the  mercury  again  stands  at  the  same  mark  as  before,  but 

its  height  above  the  bath  is  now  different ;  a  second  reading 

ij,  is  obtained,  and  we  have  (V— ;r) :  (V— ;r)  +  v  =  ^- ^i:^. 

h 
Combining  and  reducing,  we  get  jr- (V  +  v)    (i  -  ^).       The 

fohxme  V-ht^  is  constant,  and  is  determined  numerically, 
floce  for  all,  by  making  the  experiment  with  a  substance  of 
icaown  volume,  such  as  a  glass  bulb. 

This  apparatus,  which  is  also  known  as  the  sferometer^  is 
of  great  value  in  determining  the  gravimetrical  density  of 
^cnpowder  ;  this  averages  from  1*67  to  1-84,  and  is  thus 
maierially  different  from  its  apparent  density^  or  the  weight 
di  a  given  volume  compared  with  that  of  an  equal  volume  of 
■-iter,  which  is  from  0*89  to  0*94. 

186.  »e^u ■»!>*■  brometrio  numometcr. — For  measuring  pressures  of 
>■»«  than  one  atmosphere,  Regnault  devised  the  following  arrangement, 
»  h:ch  is  a  modification  of  his  fixed  barometer  (fig.  14IJ.  In  the  same  cistern 
<:  '^^  7L  second  tube  tf,  of  the  same  diameter,  open  at  both  ends,  and  provided 
i:  -he  top  with  a  three-way  cock,  one  of  which  is  connected  with  an  air-pump 
iT.  I  the  other  with  the  space  to  be  exhausted.  The  further  the  exhaustion 
..   .-^rried   the  higher   the   mercury  rises  in  the  tube  a.      The  differences 

•'  ifrvcl  in  the  tubes  b  and  a  give  the  pressures.  Hence,  by  measuring  the 
:f:i;h:  ab^  by  means  of  the  cathetometer,  the  pressure  in  the  space  that  is 
«Mn^  exhausted  is  accurately  given.  This .  apparatus  is  also  called  the 
z:€tTtntial  barometer. 

187.  Aaeroid  b«roii|et«r. — This  instrument  derives  its  name  from  the 
'  '  -mstance  that  no  liquid  is  used  in  its  construction  (d,  without;  ri/por, 
-    !st  .     Fig.  1 53  represents  one  of  the  forms  of  these  instruments,  constructed 

/;.  Ca"*ella  :  it  consists  of  a  cylindrical  metal  box,  exhausted  of  air,  the  top 
--It  »hich  is  made  of  thin  corrugated  metal,  so  elastic  that  it  readily  yields  to 
J'.en*iions  in  the  pressure  of  the  atmosphere. 

When  the  pressure  increases,  the  top  is  pressed  inwards  ;  when,  on  the 
•'.!rar>.  it  decreases,  the  elasticity  of  the  lid,  aided  by  a  spring,  tends  to 
T  AC  it  in  the  opposite  direction.  These  motions  are  transmitted  by  delicate 
T.;.:iTipl>-ing  levers  to  an  index  which  moves  on  a  scale.  The  instrument  is 
.rrAd-jatcd  empirically  by  comparing  its  indications,  under  different  pressures, 
*::h  those  of  an  ordinary  mercurial  barometer. 

The  aneroid  has  the  advantage  of  being  portable,  and  can  be  constructed 
*'  -.-ch  delicacy  as  to  indicate  the  difference  in  pressure  between  the  height 
•  h.7i  ordinar>'  table  and  the  ground.  It  is  hence  much  used  in  detenninin^ 
■'-;^'h:i  in  mountain  ascents.  But  it  is  somewhat  liable  to  get  out  of  order, 
^?'*)tciaily  when  it  has  been  subjected  to  great  variations  of  pressure  ;  and 
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its  indications  must  from  time  to  time  be  compared  with  those  of  a  standard 
barometer. 

The  errors  arising  from  the  use  of  the  aneroid  are  mainly  due  lo  tiMr 
transmission  of  the  motion  of  the  lid  by  the  multiplying  arran^^ement.  GoNI« 
schmid  of  Zurich  devised  a  form  in  which  the  motitm  of  ihc  lid  is  dirtcily 
observed. 

Like  that  of  other  aneroids,  the  lid  of  a  box  a  (fig.  154X  in  which  the 
alterations  of  pressure  are  detennined,  is  of  fine  corrugated  sheet  metaL  To 
this  is  fixed  a  horizontal  metal  strip  ^,  on  the  front  end  of  which  is  a  smaJl 
square  <r,  acting  as  index.  This  rises  and  falls  with  the  movement  of  the  lid, 
and  indicates  on  a  scale  / f*^  on  the  sides  of  the  slit  d  d\  alterations  in 
pressure  of  centimetres.  To  this  strip  a  second  and  more  delicate  one,  t,  1% 
fixed,  on  the  front  end  of  which  is  also  fixed  an  index  e\  Before  making  10 
obsen^ation,  the  horizontal  line  of  this  index  is  nxadc  to  coincide  with  that  of 


^£m 


r-?^;ti 
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e ;  this  is  effected  by  means  of  a  micn^mcter  5crcw  m^  which  is  raii^  or 
lowered  by  the  movable  ring  A  :  on  the  corresponding  scale  millimetres  and 
tenths  of  a  millimetre  are  read  off.  To  do  this  the  instrument  h  firoridad 
with  a  lens,  not  represented  in  the  figure.  There  is  also  a  small  theraiCK 
meter  / :  from  its  indications  a  correctif>n  is  made  for  temperature  acccinliiif 
to  an  empirical  scale  specially  constructed  for  each  instrument 

188.  Xi«wB  of  ttie  mixtiire  of  c****-— If  a  communication  is  opened 
between  two  closed  vessels  containing  gases,  they  at  once  begin  to  mis, 
whatever  be  their  density,  and  in  a  longer  or  shorter  time  the  mtxtui«  is^ , 
complete,  and  will  continue  so,  imlcss  chemical  action  is  set  up.  The 
which  govern  the  mixture  of  gases  may  be  thus  stated  : — 

I.   T/it  mirtHrt  iakn  phce  rapidly  and  h   homdgmi^ms;  tkai  is^i 
pcriion  oftht  mixture  amituns  the  iwa  j^ases  in  tht  mm4 prop^rtimi^ 

I L  f/i^^  IC'i^^s  Kvtrally  and  tht  mixtyrt  have  tht  smm  /« 


Aharptwn  af  Gas€s  by  Liquids. 

TAtgm^t  uvtrulfy  and  the  mixture  occupy  the  same  volume,  then  the 
■Swwy  *w  M#  unit  of  area  extrted  hy  the  mixture  xvill  equal  the  sum  of 
«nf«f  Ml  $ke  unit  of  area  exerted  hy  the  gases  sei>eratiy, 
FrDfn  ihe  second  law  a  vtry  convenient  formula  can  be  easily  deduced. 
Ut  v^,  v^  f^ji .  .  _  be  the  volumes  of  several  gases  under   pressure  of 
/./,-..-  respectively.     Suppose  these  gases  when  mixed  to  have  a 
l«oe  V%  mscfer  a  pressure  P,  the  temperatures 
^f  tlic  sjime.     By  Boyle's  law  we  know  that 
occupy  a  volume  V*  under  a  pressure/*/ 
'  that 

^yZ-^'i/^i  ;  similarly,  V//*f,^>*,j 
tjn-     Rut  from  the  above  law 

\y  folluws  that  if  the  pressures  are  all 

tlie  volume  of  the  mixture  equals  the 

tlie  separate  volumes, 

6rftt  lav  iras  shown  experimentally  by 

by  means  of  an  apparatus  reprc- 

is  4iE-    155*      H  consists  of  two  glass 

twidcd  with  stopcocks,  which  can  be 

oci   the  other.     The  upper  globe 

ilh    hydrogen,  and  the  lower  one 

acid,   which   has   22   times    the 

ol^  bydrogcn.     The  globes  having  been 

togtlher  were  placed  in  the  cellars  of  the  Paris  Observatory  and  the 

then  opened,  the  globe  containing  hydrogen  being  uppermost 

faand  after  some  time  that  the   pressure  had   not  changed,  and 

rte  of  the  difference  in  density^  the  two  gases  had  become  uniformly 

tlic  two  globc5»     Experiments  made  in  the  same  manner  with 

gave  the  same  rrsultS)  and  it  was  found  that  the  diffusion  was 

In   pfoportiofi  as  the   diflfercncc   between    the   densities   was 

%ecixod  law  may  be  demonstrated  by  passing  into  a  graduated  tube, 
V  ItDown  volatnes  of  gas  at  known  pressures.   The  pressure  and 
ihe  whole  loixture  are  then  measured,  and  found  to  be  in  accord- 
theljiw« 

mixtttrcs  follow  Hoyle^s  law,  like  simple  gases,   as   has   been 

air  (l&>ii,  which  is  a  mixture  of  nitrogen  and  oxygen* 

Aa#«r9tl»B  or  w^€m  Hy  lUnlds. — Water  and  many  liquids  pi^ssess 

<rty  oCabsorlfing  gases.  Under  the  same  conditions  of  pressure  and 

z  liqoid  doc5  not  absorb  equal  quantities  of  different  gases. 

o®  C  and  pressure  760  mm.,  one  volume  of  water  dissolves 

rjlu^la^  voUioies  oC  gas  :— 

Viifpgeil      .        ,     o'02»>  huretted  hydrogen  .        437 

'lyfta        ,        ,     otxii  iiorous  acid  7979 

^Bhamkc  add       .     179  Ammonia  1046-63 

M 
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From  the  very  great  condensation,  to  which  the  latter  correspond,  it  may  be 
inferred  that  the  gases  are  in  the  liquid  state. 

Gases  are  more  soluble  in  alcohol  ;  thus  at  o*'  C.  alcohol  dissolves  4*53 
volumes  of  carbonic  acid  gas. 

The  whole  subject  of  gas  absorption  has  been  investigated  by  Bunsen. 
The  general  laws  are  the  following : — 

I.  For  tlie  same  gasy  the  same  liquid^  and  the  same  temperature^  ike 
weight  of  gas  absorbed  is  proportional  to  the  pressure.  This  may  also  be 
expressed  by  saying  that  at  all  pressures  the  volume  dissolved  is  the  same ; 
or  that  the  density  of  the  gas  absorbed  is  in  a  constant  relation  with  that  ot 
the  external  gas  which  is  not  absorbed. 

Accordingly,  when  the  pressure  diminishes,  the  quantity  of  dissolved  ; 
gas  decreases.  If  a  solution  of  gas  be  placed  under  the  air-pump  and  1 
a  vacuum  created,  the  gas  obeys  its  expansive  force,  and  escapes  widi  j 
effervescence.  i 

II.  The  quantity  of  gas  absorbed  decreases  with  the  temperature  ;  that  is  i 
to  say,  when  the  elastic  force  of  the  gas  is  greater.  Thus  at  15**  water  0DI7  1 
absorbs  i  *oo  of  carbonic  acid.  ^ 

III.  The  quantity  of  gas  which  a  liquid  can  dissolve  is  independent  ef  \ 
the  nature  and  of  the  quantity  of  other  gases  which  it  may  already  hold  im  -^ 
solution,  J 

In  every  gaseous  mixture  each  gas  exercises  the  same  pressure  as  it  ^ 
would  if  its  volume  occupied  the  whole  space  ;  and  the  total  pressure  ii  \ 
equal  to  the  sum  of  the  individual  pressures.  When  a  liquid  is  in  contact  ,^ 
with  a  gaseous  mixture,  it  absorbs  a  certain  part  of  each  gas,  but  less  thaa  .^ 
it  would  if  the  whole  space  were  occupied  by  each  gas.  The  quantity  of  ^ 
each  gas  dissolved  is  proportional  to  the  pressure  which  the  unabsorbdl :.. 
gas  exercises  alone.  For  instance,  oxygen  forms  only  about  J-  the  quantilf  ^ 
of  air ;  and  water,  under  ordinary  conditions,  absorbs  exactly  the  smt  ^ 
quantity  of  oxygen  as  it  would  if  the  atmosphere  were  entirely  formed  of  tUi  *^ 
gas  under  a  pressure  equal  to  \  that  of  the  atmosphere.  ^' 
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190.  ourtasion  of  ffa«es. — Phenomena  analogous  to  those  of  endosflMM 
(139)  are  seen  in  a  high  degree  in  the  case  of  gases.    When  two  difiata 


peparated  by  a  porous  diaphragm,  an  interchange  takes  place 

pen),  and  ultimately  the  composition  of  the  gas  on  both  sides  of 

Igm  is  the  same  ;  but  the  rapidity  witli  which  different  gases 

p  each  other   under  these  circumstances    varies    considerably. 

Jbo^cvcT,  an   essential  difference    between    the   phenomena  of 

[&nd  those  of  diffusion  ;  for  while  the  inequality  in  the  currents 

|tr  case  is  due  to  the  different  attraction  of  the  materials  of  the 

(for  ihc  constituents,  in  the  diffusion  of  gases  this  nature  has  no 

from  the  smallness  of  the  pores  the  actions  are  molecular,  and  not 

Ihc  rate  of  intercliange  depends  only  on  the  size  of  the  molecules, 

lie  specific  gravities  of  the  gases.     The  laws  of  the  diffusion  of 

(  investigated  by  Graham*     Nimie- 

Ipents  illustrate  it,  some  of  the  most 

which  are  the  following  :— 

liiidcr  closed  at  one  end  is  filled 

iC  acid  gas^  its  open  end  tied  over 

Icr,  amd  the  whole  placed  under  a 

Diffusion  takes  place  between 

h  the  porous  diaphragm,  and  after 

f  a  certain  time  hydrogen  has  passed 

I  Iriadder  into  the  cylindrical  vessel 

fMtr  quantity  than  the  carbonic  acid 

JMscd  out,  so  that  the  bladder  be- 

jnoch  distended  outwards  (lig.  1 56), 

Icr  be  filled  with  hydrogen  and  the 

I  carbonic  add,  the  reverse  pheno- 

be  produced — the  bladder  will  be 

iwards(fig.  157). 

Itboat  13  inches  long,  closed  at  one 

lag  of  dry  plaster  of  Paris,  is  tilled 

nnsgeii,  And  its  open  end  then  im- 

p  mercury  bath.     Diffusion   of  the 

pwards  the  air  takes  place  so  rapidly 

I||v3unsttsii  is  produced,  and  mercur>' 

mibe  to  a  height  of  several  inches 

if  levtral  such  tubes  are  Ailed  with 

md  allowed  to  diffuse  into  the 

Oiaiiner,   in   the  same  time, 

of  the   various   gases   will 

found  that  the  law  regu- 

is  that  the  force  of  diffu^ 

*tjf  as  iAe  iquart  roots  of  the  iUmilies  of  gases.      Thus,  if 

ef  Wfital  capacity,  containing  oxygen  and  hydrogen,  be  separated 

ptflfc  diffusion  takes  place  ;  and  after  the  lapse  of  some  time, 

\  paut  of  oxygen  which  has  passed  into  the  hydrogen,  four  parts 

laYe  passed  into  the  ox>"gcn.     Now  the  density  of  hydrogen 

of  ox>*i^n  is  16^  hence  the  force  of  diffusion  is  inversely  as  the 

of  tlncife  numbers.    It  is  four  times  as  great  in  the  one  which 

ol  the  other. 
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Let  the  slera  of  an  ordinar>^  tobacco  pipe  be  cemented,  so  thi 
project,  in  an  outer  glass  tube,  which  can  be  connected  with  aiK 
and  thus  exhausted.  On  allowing  then  a  slow  current  of  air  to  I 
end  of  the  pipe,  its  nitrogen  diffuses  more  rapidly  on  Its  way  th 
porous  pipe  than  the  heavier  oxygen,  so  that  the  gas  which  enne|| 
other  end  of  the  pcjrous  pipe,  and  which  can  be  collected,  is  richer] 
and  by  repeating  the  operation  on  the  gas  which  has  passed  thi 
proportion  of  oxygen  is  so  much  increased  that  the  gas  can  relig 
extinguished  taper.  To  this  process,  in  which  one  gas  can  be  sepai 
another  by  diffusion,  the  term  aimolysis  is  given. 

Fig.  159  is  an  excellent  illustrab 
action  of  diflFusion.  A  porous  pot,  A, 
used  for  batteries,  is  fixed  by  means  I 
to  the  glass  tube,  which  contains  wl 
the  bulb  Cj  the  upper  part  containing  1 
a  beaker  containing  hydrogen^  b,  is  d 
the  pot,  the  diffusion  of  the  hydrog 
is  so  rapid  that  the  water  is  at  once  df 
and  jets  out.  When  the  beaker  id 
the  gas  inside  the  pot  being  richer  id 
now  diffuses  out  with  great  niptditf 
water  rises  in  the  lube  beyond  ii 
level. 

19T.  Sfl^lon  of  raaea.— A  gas^ 
flow  from  one  space  to  another  spaci 
by  the  same  gas  when  rhe  pressure  | 
is  greater  than  in  the  other.  Effi^ 
term  applied  to  the  phenomenon  of  tl 
of  gases  into  vacuum,  through  a  mq 
ture  not  much  more  or  less  than  aj 
metre  in  diameter,  in  a  thin  plate  d 
of  glass ;  for  in  a  tube  we  are  dot 
masses  of  gases,  and  friction  comes j 
and  in  a  larger  aperture  the  parti^ 
strike  against  one  another,  and  form  4 
whirlpools.  The  velocity  of  the  cflii 
sured  by  the  formula  v  •  ^2gky  in  m^ 
presents  the  pressure  under  whic| 
—  flows,  expressed  in  terms  of  the  h^ 
column  of  the  gas  which  would  exert 
pressure  as  that  cjf  the  effluent  gas*  j 
air  under  the  ordinary  pressure  flowing  into  a  vacuum,  the  fl 
equivalent  to  a  column  of  inercur>'  76  centimetres  hi^h  ;  and  aji 
is  approximately  10,500  times  as  dense  as  air,  the  equivalent  coH 
will  be  jbx  10,500^ 7.980  metres.  Hence  the  velocity  of  efflux  \ 
vacuum  is  »  %/2  x  9*8  »<  7,9€k>- 395*5  metres.  This  velocity  intl 
only  holds,  hoviever»  for  the  first  moment,  for  the  space  contaj^ 
ttnually  increasing  quantity  of  air,  so  that  the  velocity  bec^ 
smaller,  and  is  null  when  the  pressure  on  each  side  is  ik 
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die  coltrnm  of  air  hh^^  corresponding  to  ihe  external  pressure,  is 

!  vdocsty  may  be  calculated  by  the  formula  v^^2g  {h~h^). 

ses  lighter  than  air  a  greater  height  must   be  inserted  in  the 

\  wood  fior  heavier  gases  a  lower  height ;  and  this  change  must  be 

as  the   change   of   densit>\      Hence   the  velocities   of  efflux  of 

wmst   he  intfcrsciy  as  ike  square  roots  of  their  densities, 

iioo  of  this  statement  is  that  the  densities  of  two  gases  are 

ifu  squares  of  ikeir  velocities  of  effusion.     On  this  law  Bun  sen 

i  nn  it^f^'T.^^uog  method  of  determining  the  densities  of  gases  and 

It  •  great  s^^'icc  where  only  small  quantities  of  the  sub- 


^  k  Ukii.^  Lj<^i;« 


c  ^as  tD  question  is  contained  (fig,  1 60)  in  a  glass  tube  A,  closed  at  the 
ft  Moppcr  s«  in  the  neck  E.     In  a  little  enlargement  here  a  platinum 
fiaced,  in  which  is  a  6ne  capillary  aperture.     The  tube  is  inserted 
►  Qierciiiy  trough,  cc,  so  that  the  top  r  of  a  glass  swimmer  D  is  level 
jQiercttr)*.     The    stopper   s   having  been 
E  gas  issues  through  the  capillar}'-  aper- 
IS  noted  which  elapses  until  a 
\  swimmer  is  Icvxl  with  the  mercury, 
iray  witli  different  gases,  it  is  found 
\  vi  the  times  of  effusion  are  directly 
af  ike  densities,  which  is  another 
:  statement. 
fttltfift  or  c^ases*— If  gases  issue 
ajC,  ftnc  capillary  tubes  into  a  vacuum,  the 
is  *-^ii--^   fninspiration\  and  the  rate 
'  the  :  transpirniion^  is  indepen- 

:  rate  ■■1  uiuvi^iun^ 
fwr  ikf  s^^nu  gas,  the  raU  &f  transpiration 
\mn^Hk€r  things  being  equals  directly  as  the 
Wt  \  that  ti,  equal  volumes  of  air  of  different 

laire  limes  inversely  proportional  to  ^"^  ^' 


imh  ,//  diameters^  the  volume  transpired  in  equal  times 

'  as  ;  fthe  tuhe. 

r  ike  Ump^r^^ur^  rises  the  transpiration  becomes  slower. 
The  rate  e/ irasupiraiion  is  independent  of  the  fmUerial  of  the  tube. 

I  or  (Aoos  bjr  •olKlB, — The  surfaces  of  all  solid  bodies 

\  fici  the  molecules  of  gases  with  which  they  arc  in  contact, 

that  they  become  covered  with  a  more  or  less  tlnck  layer 

it.     VVfacn  a  porous  body  such  as  a  piece  of  charcoal,  which 

nly  presents  an  immensely  increased  surface  in  proportion  to  its 

1  ia  a  vessel  of  anvmonia  gas  over  mercur>'  (fig.  161),  the  great 

Be  which  ensues  indicates  that  considerable  quantities  of 

there  ts   no  absorption  such  as   arises  from  chemical 

ipeen  the  solid  and  the  gas  (as  with  phosphorus  and  oxygen), 

nity  qC  gas  absorbed  is  not  entirely  dependent  on  the  phy- 

\  of  the  solid  body  ;  it  is  influenced  in  some  measure  by  the 
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chemical  nature  both  of  the  solid  and  the  gas.  Boxwood  charcoal  has 
very  great  absorptive  power.  The  following  table  gives  the  volumes  of  gas, 
under  standard  conditions  of  temperature  and  pressure,  absorbed  by  one 
volume  of  boxwood  charcoal  and  of  meerschaum  respectively  : — 

Charcoal        Meenchanm 

Anunonia 90  15 

Hydrochloric  acid 85  — 

Sulphurous  acid 65  — 

Sulphuretted  hydrogen 55  11                ' 

Carbonic  acid 35  5*3 

Carbonic  oxide 9*4           '     V2  ^ 

Oxygen 9*2  1*5  5 

Nitrogen 7*5  i-6  ' 

Hydrogen 175  0-5  r 

The  absorption  of  gases  is  in  general  greatest  in  the  case  of  those  which  an  ^ 
most  easily  liquefied.  ^ 

Cocoa-nut  charcoal  is  even  more  highly  absorbent ;  it  absorbs  171  €f  ^. 
anunonia,  73  of  carbonic  acid,  and  108  of  cyanogen  at  the  ordinary  pressnrti  ^ 
the  amount  of  absorption  increases  with  the  pressure.  The  absofptivt  L 
power  of  pine  charcoal  is  about  half  as  much  as  that  of  boxwood.  1^^ 
charcoal  made  from  corkwood,  which  is  very  porous,  is  not  absorbefl^C 
neither  is  graphite.  Platinum,  in  the  finely  divided  form  known  as  platimM.j,i 
sponge,  is  said  to  absorb  250  times  its  volume  of  oxygen  gas.  Many  oCfaor  ^i 
porous  substances,  such  as  meerschaum,  gypsum,  silk,  &c,  are  also  highi|fi^ 
absorbent.  '^^ 

If  a  coin  be  laid  on  a  plate  of  glass  or  of  metal,  after  some  time,  wlm.^ 
the  plate  is  breathed  on,  an  image  of  the  coin  appears.  If  a  figure  is  tracii  .\/ 
on  a  glass  plate  with  the  finger,  nothing  appears  until  the  plate  is  breadMriLj^^ 
on,  when  the  figure  f  s  at  once  seen.  Indeed,  the  traces  of  an  1  iijlimii^^/ 
which  has  long  laid  on  a  glass  plate  may  be  produced  in  this  way.  .  ■  * 

These  phenomena  are  known  as  Moser's  images^  for  he  first  investigMrftv  ^ 
them,  although  he  explained  them  erroneously.  The  correct  1  milmmlK  * 
was  given  by  Waidele,  who  ascribed  them  to  alterations  in  the  layer  of  SM^J/ 
vapour,  and  fine  dust  which  is  condensed  on  the  surface  of  all  solids,  mt^ 
this  layer  is  removed  by  wiping,  on  afterwards  breathing  against  the  smfttt^ 
more  vapour  is  condensed  on  the  marks  in  question,  which  then  preseat  %. 
different  appearance  from  the  rest.  '* 

If  a  die  or  a  stamp  is  laid  on  a  freshly  polished  metal  plate,  and  l*i:l^ 
therefore  which  has  been  deprived  of  its  atmosphere,  the  layer  of  vi 
from  the  coin  will  diffuse  on  to  the  metal  plate,  which  thereby 
altered  ;  so  that  when  this  is  breathed  on  an  impression  is  seen. 

Conversely,  if  a  coin  be  polished  and  placed  on  an  ordinary  glass 
it  will  partially  remove  the  layer  of  gas  from  the  parts  in  contact,  so  that 
breathing  on  the  plate  the  image  is  visible. 

194.  Oeolusion  of  rases.- -Graham  found  that  at  a  high  temp 
platinum  and  iron  allow  hydrogen  to  traverse  them  even  more  readily 
does  caoutchouc  in  the  cold.     Thus  while  a  square  metre  of  caoutchouc  CfiA 
millimetre  in  thickness  allowed  129  cubic  centimetres  of  hydrogen  at  ac/1 
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cneit  in  m  aunate^  a  platinmn  tube  I'l  millimetre  in  thickness  and  of  the 
eamfiice  allowed  489  cubic  centimetres  to  traverse  it  at  a  bright  red  heat 
fhii  IS  piobably  connected  with  the  property  which  some  metals,  though 
itnte  of  pliysical  pores,  possess  of  a]»orbing  gases  either  on  their  surfiure 
their  mass,  and  to  which  Graham  has  applied  the  term  acciusi&m.  It 
St  observed  by  allowing  the  heated  metal  to  cool  in  contact  with  the 

The  gas  cannot  then  be  extracted  by  the  air-pump,  but  is  disengaged 
ating.  In  tins  way  Graham  found  that  platinum  ocduded  four  times 
ifame  of  hydrogen ;  iron  wire  0*44  its  volume  of  hydrogen,  and  4*15 
MS  of  carbonic  oxide ;  silver,  reduced  from  the  oxide^  absorbed  about 
\  volnmes  of  oxygen,  and  nearly  one  volume  of  hydrogen  when  heated 
iD  redness  in  these  gases.  This  property  is  most  remarkable  in  palla- 
,  wliicli  absorbs  hydrogen,  not  only  in  cooling  after  being  heated,  but 
B  the  oold.  When,  for  instance,  a  palladium  electrode  is  used  in  the 
mpnmJHWi  of  water,  <Hie  volume  of  the  metal  can  absorb  980  times  its 
le  of  the  gas.  This  gas  is  again  driven  out  on  being  heated,  in  which 
CI  there  b  a  resemblance  to  the  solution  of  gases  in  liquids.  By  the 
■00  of  hydrogen  the  volume  of  palladium  is  increased  by  0x19827  of 
ipnal  amount,  from  which  it  follows  that  the  hydrogen,  which  under 
■ry  drcomstances  has  a  density  0-000089546  that  of  water,  has  here  a 
ty  nearly  9,868  times  as  great,  or  about  o-88  that  of  water.  Hence  the 
i|pen  must  be  in  the  liquid  or  even  solid  state ;  it  probably  forms  thus 
loy  m-ith  palladium,  like  a  true  metal — a  view  of  this  gas  which  is 
{iy  supported  by  independent  chemical  considerations.  The  physical 
Tties  too,  in  so  far  as  they  have  been  examined,  support  this  view  of  its 

an  alloy, 
be  phenomenon  of  occlusion  may  be  illustrated  by  the  following  experi- 

(fig,  162).    A  platinum  wire  be  is  stretched  between  supports  on  a 

plate ;  one  end  of  a  palladium 
jjr  is  also  fixed,  of  which  the  other 
s  attached  to  the  short  arm  of  a  light 

mo\-able  about  o^  the  long  arm  of 
h  is  kiaded  with  a  weight  not  repre- 
ad  in  the  figure,  to  keep  the  wire  tight. 
fiadnum  wire  is  connected  with  the 
ive  pole  a  and  the  palladium  with  the 
tive  pole  d  of  sl  voltaic  battery,  and 
apparatus  is  partially  immersed  in 
■hsed  water;  the  water  is  thereby 
nposed  into  its  constituent  gases ; 
jen  is  liberated  in  bubbles  from  the 
■am  wire,  but  there  is  no  visible  dis- 
ifcment  at  the  palladium.  It  becomes 
JK,  however,  as  is  seen  by  the  lever 
mg  downwards.  If  the  current  is  reversed,  the  wire  again  contracts,  and 
hvcr  resumes  its  original  position. 


I 

Fig.  163. 


I9>*  Aroliltaed#B*  pHnclple  applied  to  K^aa«».— ^Hie  pressure 
by  ^ases,  on  bodies  immersed  in  them,  is  transmitted  equally  in  all  dirccdoos, 

as  has  been  shown  by  the  cxperimeM 
with  the  Maj^dcburg  hemispheres^  It 
therefore  follows  that  all  which  has 
been  said  about  the  equilibrium  of 
bodies  in  liquids  applies  to  bcxites  tn 
air  ;  they  lose  a  part  of  their  wcigllt 
equal  to  that  of  the  air  which  tliey  db* 
place. 

The  loss  of  wei^^ht  in  air  Utlcfooil* 
slrated  by  means  of  the  b&ntu^fig^ 
which  consists  of  a  scalebcam,  at  imm 
of  whose  extremities  a  small  lca4cD 
weight  is  supported,  and  at  the  otiicr 
there  is  a  hollow  copper  sphere  ifi^ 
163).  In  the  air  they  exactly  balance 
one  another  ;  but  when  they  are  placed 
under  the  receiver  of  an  air-pomtp^ 
and  a  vacuum  is  produced,  the  spbem 
sinks,  thereby  showing  that  in  reafitf 
it  is  hea%ier  than  the  small 
weight.  Before  the  air  is  exhausted,  each  body  is  buoyed  up  by  the 
of  the  air  which  it  displaces.  But  as  the  sphere  is  much  the  larger  of  fSbm 
twO|  its  weight  undergoes  most  apparent  diminution^  and  thus,  thot^^  la 
reality  the  heavier  body,  it  is  balanced  by  the  small  leaden  weight  h 
be  proved  by  means  of  the  same  apparatus  that  this  loss  is  equml  to  tl* 
weight  of  the  displaced  air.  Suppose  the  volume  of  the  sphere  is  10 
inches.  The  weight  of  this  volume  of  air  is  3M  grains.  If  now  thi« 
be  added  to  the  leaden  weight,  it  will  overbalance  the  sphere  in  air,  by| 
exactly  balance  it  in  vacuo. 

The  principle  of  Archimedes  is  true  for  bodies  in  air  ;  all  tliat  has 
said  about  bodies  immersed  in  liquids  applies  to  them  ;  that  is,  that  vdioi  A 
body  is  heavier  than  air,  it  will  sink,  owing  to  the  execs*  of  its  weight  otw 
the  buoyanc)*.  If  it  is  as  heavy  as  air,  its  weight  will  exactly  counter baUncr 
the  buoyanc>-,  and  the  body  will  float  in  the  atmosphere.  If  the 
lighter  than  air,  the  buo>'ancy  of  the  air  will  prevail,  and  the  body  u„.  — 
in  the  atmosphere  until  it  readies  a  layer  of  the  same  density  as  its  ovik 
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?  ^ircc  of  tbc  ascent  is  equal  to  the  excess  of  the  buoyancy  over  the  weight 
«r  the  bcidy.  This  is  the  reason  why  smoke,  vapours,  clouds,  and  air-balloons 
r»c  in  ibc  air. 

AIR-BALLOOKS. 

196.  Alj^ii«iia«iift* — Air-halloGns  are  hollow  spheres  made  of  some  light 
iM|ieimeable  material^  which,  when  filled  with  heated  air,  with  hydrogen 
^a^  or  with  couil  gas,  rise  in  the  air  by  virtue  of  their  relative  lightness. 

Tbcy  were  invented  by  the  brothers  Montgolfier  of  Annonay,  and  the 
int  empoirnent  was  made  at  that  place  in  June  1783.     Their  balloon  was  a 
of  fort>'  yards  in  circumference,  and  weighed  500  pounds.     At  the 
pojt  there  was  an  aperture^  and  a  sort  of  boat  was  suspended,  in  which 
^s   Itji^hfed  to  heat  the  internal  air.     The  balloon  rose  to  a  height  of 
I  yaitis  and  then  descended  uithout  any  accident. 

,  a  professor  of  physics  in  Paris,  substituted  hydrogen  for  hot  air. 
ascended  in  a  balloon  of  this  kind  in  December  1783.  The  use 
balloons  was  entirely  given  up  In  consequence  of  the  serious 
i  la  which  they  were  liable. 
SmtcwL  then  the  art  of  ballooning  has  been  greatly  extended,  and  many 
aCEDis  have  been  made*  That  which  Gay-Lussac  made  in  1804  was  the 
mmtL  fCQiarkable  for  the  facts  with  which  it  has  enriched  science^  and  for  the 
lQ||ii  which  he  attained— 23,000  feet  above  the  sea- level.  At  this  height 
^ehrnini'f^er  sunk  to  12^6  inches,  and  the  thermometer,  which  was  31°  C. 
IB  the  ipRMtod,  was  9  degrees  below  zero. 

la  these  high  regions  the  dryness  was  such  on  the  day  of  Gay-Lussac's 
mtmAt  tb9X  hygromctric  substances,  such  as  paper,  parchment,  &c.,  became 
Atod  and  crumpled  as  if  they  had  been  placed  near  the  tire.  The  respira- 
^B  Mid  dfxnilation  of  the  blood  were  accelerated  in  consequence  of  the 
pnt  latefiiction  of  the  air.  Gay-Lussac's  pulse  made  120  pulsations  in  a 
SMie  mstcad  of  66,  the  normal  number.  At  this  great  height  the  sky  had 
•ivy  dvk  blue  tint,  and  an  absolute  silence  prevailed. 

Ooe  €if  the  most  remarkable  of  ascents  was  made  by  Mr.  Glaisher  and 
%L  Coxwellt  in  a  large  balloon  belonging  to  the  latter.  This  was  BUed  with 
^i^DO  csbtc  leet  of  coal  gas  (sp.  gr.  0*37  to  033) ;  the  weight  of  the  load 
i^i  teD  pottnds.  The  ascent  took  place  at  1  P.M.  on  September  5,  1861 ;  at 
1^  they  bad  reached  a  height  of  1 5,750  feet,  and  in  eleven  minutes  after  a 
of  llyooo  feet,  the  temperature  being  —10-4°  ;  at  1.50  they  were  at 
iect,  with  the  thermometer  at  —15*2'^.  At  1.52  the  height  attained 
I^OPO  foet,  and  the  temperature  -  16''  C.  At  this  height  the  rarefaction 
air  was  so  great,  and  the  cold  so  intense,  that  Mr.  Glaisher  fainted, 
R^dnoloTi  ^    vT\^    According  to  an  approximate  estimation  the 

teaot  btfooMf  they  attained  was  7  inches,  which  would  correspond 

•  la  tkmiflU  of  truii^  36,000  to  37,000  feet. 

•5F7-  C»Mi<iMmi»«i  aaa  maa«ffemeot  of  baUooAA. — A  balloon  (fig.  164) 
h  ««fte  cC  loD^  bands  of  silk  sewed  together  and  covered  with  caoutchouc 
«VBiilV  ^fti^  rewlers  it  airtight.  At  the  top  there  is  a  safety-valve  closed 
If  a  fpciDK,  which  the  aeronaut  can  open  at  pleasure  by  means  of  a  cord. 
4||)tt  widDcnrmk  bodt  is  suspended  by  means  of  cords  to  a  netwurk  whidi 
^ndy  oMren  the  balloon. 
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A  balloon  of  the  ordinar>*  dimensions,  which  can  carry  ihrcc 
about  1 6  yards  high,  12  yards  in  diameter,  and  its  vohime,  when 

full  J  is  about  680  cubic  yards. 


1 


4. 


persons,  is 
it  15  quite 
The  bal- 
loon itself  weighs   200  pounds  ;  the   ac- 
ccssories,  such  as  the  rope  and  boat,  loo 
pounds* 

The  balloon  is  filled  cither  with  hy- 
drogen or  with  coal  gas.  Although  the 
latter  is  heavier  than  the  former^  it  is 
generally  preferred,  because  it  is  cheaper 
and  more  easily  obtained.    It  is  ^ 

into  the  balloon  from  the  gas 
by  means  of  a  flexible  tube.     It  is  im- 
portant  not   to   fill     the     balloon    quite 
'^I^^I^BR^'  full,  for  the  atmospheric  pressure  dirotit- 

ishes  as  it  rises,  and  the  gas  insidct 
expanding  in  consequence  of  its  elastic 
force,  tends  to  burst  it-  It  is  sttffi* 
cient  for  the  ascent  if  the  weight  of 
the  displaced  air  exceeds  that  of  the 
\^  balloon   by   8  or    10  pcmnds.     .\nd  lliM 

S;^^  force   remains   constant   so  long   as 

balloon  is  not  quite  distended  by 
dilatation  of  the  air  in  the  interior, 
the  atmospheric  pressure,  for  example^ 
has  diminished  to  one-half,  the  gas  in  tlie 
balloon^  according  to  Boyle's  law,  has 
doubled  its  volume.  The  volume  of  ibe 
air  displaced  is  therefore  twice  as  grtat ; 
but  since  its  density  has  become  oolf 
one-half,  the  weight  and  consequcfitly 
the  upward  buoyanqr  are  the  same 
When  once  the  balloon  is  completctf 
dilated,  if  it  continues  to  rise,  the  fo«-ce  of 
the  ascent  decreases,  for  llie  volume  of 
the  displaced  air  remains  the  same,  bm 
fij  ,^^  its  density  diminishes,  and  a  time  arrivci 

at  which  the  buoyancy  is  equal  to  ihm 
weight  of  the  balloon.  The  balloon  can  now  only  take  a  homonlal  directMMi, 
carried  by  the  currents  of  air  which  prevail  in  the  atmosphere.  The  affO- 
naut  knows  by  the  barometer  whether  he  is  ascending  or  descending,  and 
by  the  s;imc  means  he  determines  the  height  whidi  he  has  reached.  A  Icn^ 
flag  fixed  to  the  boat  would  indicate,  by  the  position  it  takes  either  abofv^  or 
below,  whether  the  balloon  is  descending  or  ascending. 

When  the  aeronaut  wishes  to  descend,  he  opens  the  valve  at  the  top  of 
the  balloon  It)-  means  of  the  cord,  which  aJlow*s  gas  to  cscajie,  aiKi  tlie 
balloon  sinks.  If  he  wants  to  descend  more  slowly,  or  to  rise  again,  be 
empties  out  bags  of  sand,  of  which  there  is  an  ample  supply  in  the  car.  The 
descent  is  facilitated  by  means  of  a  grappling  iron  fixed  to  the  boat     Wbcii 
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this  ts  fixed  to  any  obstacle,  the  balloon  is  lowered  by  pulling  the 

Tbe   oiiiy  practical   appHcalions  which  air-balloons  have  hitherto  had 
hmim^  been   in  miliury  reconnoitring.     At  the  battle  of  Fleurus,  in  1794,  a 
Oip^vi;  balloon — that  is,  one  held  by  a  rope — was  used,  in  which  there  was 
aa  ob^cri^r  who  reported  the  movements  of  the  enemy  by  means  of  signals. 
At  tlic  battle  of  Solferino  the  movements  and  dispositions  of  the  Austrian 
Uvopa   ^erc  watched  by  a  captive  balloon  ;   and  in  the   war  in  America 
ms  were  frequently  used,  while  their  importance   during  the  siege  of 
is  fresh  in  all  memories.     The  whole  subject  of  military  ballooning 
lareated  in  two  |>apers   by  Col  Grover  and  by  Col  Beaumont,   in  a 
of  ihe  Professional  Papers  of  the  Royal  Engineers  ;  and  experiments 
in    progress^  at  Woolwich  and  at  Aldershot,  with  a  view  of  ascertain- 
the  most  practicable  means  of  inflating  balloons,  and  the  best  form  and 
for  ser\'ice  in  the  field.     It   has  been  proposed  to  use  captive 
for  obsen-ations  on  the  changes  of  temperature  in  the  air,  &c.   Air- 
can  only  be  truly  useful  when  they  can  be  guided,  and  as  yet  all 
Lpts  made  with  this  view  have  completely  failed.     There  is  no  other 
qKirac  at  present  than  to  rise  in  the  air  until  there  is  a  current  which  has 
aflvc  CJT  less  tbe  desired  direc- 
«SB.  Unlbftttnately  the  currents 
m  the  lilgjier  regions   of  the 
are  variable    and 


\ 
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19ft.  VttraeliaM. — The    ob- 

pBCt  of  the  parachute  is  to  allow 

^e  ai^fonaot  to  leave  the  bal< 

iBOOt  ^  ISJving  him  the  means 

4f  hiffoiing  the  rapidity  of  his 

It  consists  of  a  large 

piece  of  cloth  (fig.  165), 

t6  £eet  in  diameter,  and 

bjr  the  resistance  of  the 

arifweads  nut  like  a  gigantic 

«afarelb.     la  the  centre  there 

h  «&  afiGttire,  through  which 

tic     ilr    compressed    by    the 

nyifify  ol  tbe  de«iccnt  makes 

in  CKape;    for  otlicrwise  os- 

tttitliJM   might    be   produced, 

«iidi^  whtfi  communicated  to 

Ike  boas,  would  be  dangerous. 

hi  fif^  164  there  is  a  para- 
<^Me  attached  to  the  network 
il  tbe  btQoon  by  means  of  a 
<BvA  which  passes  round  a 
fiiiftSlid  is  fixed  at  the  other  end  to  the  boat.  When  the  cord  is  cut 
Aipttadiote  sinks,  at  first  very  rapidly,  but  more  slowly  as  it  becomes  dis* 
mded,  HI  refiresented  in  the  figure. 
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199.  Oalenlation   of  tlie   weifflit  wliioli  a  balloon  can  raise. — To 

calculate  the  weight  which  can  be  raised  by  a  balloon  of  given  dimensions 
let  us  suppose  it  perfectly  spherical,  and  premise  that  the  formulae  which 

express  the  volume  and  the  superficies  in  terms  of  the  radius  are  V  -  ^ — 

S  -  4irR*  ;  IT  being  the  ratio  of  the  circumference  to  the  diameter.  The 
radius  R  being  measured  in  feet,  let  p  be,  in  pounds,  the  weight  of  a 
square  foot  of  the  material  of  which  the  balloon  is  constructed  ;  let  P 
be  the  weight  of  the  car  and  the  accessories,  a  the  weight  in  pounds  of 
a  cubic  foot  of  air  at  zero,  and  under  the  pressure  076",  and  a'  the  weight 
of  the  same  volume,  under  the  same  conditions,  of  the  gas  with  which 
the  balloon  is  inflated  (155).    Then  the  total  weight  of  the  envelope  in 

pounds  will  be  4irR'/ ;  that  of  the  gas  will  be-i^^ ,  and  that  of  the  dis- 


placed air  i!^. 
,  3 

have 


Whence 


If  X  be  the  weight  which  the  balloon  can  support,  we 


X  -  ^^'^  -  4irR^/i^ 
"3  3 


4irR-/  -  P. 


X  -  i!!^-(a  -  aO  -  4tR"/  -  P. 

But,  as  we  have  before  seen  (197),  in  order  that  the  balloon  may  rise,  the 
weights  must  be  less  by  8  or  10  pounds  than  that  given  by  this  equation. 
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pistons  P  and  P'  work  airtight  in  them.  To  these  pistons  are  attached 
racks  H,  K,  and  by  means  of  a  handle  M  N  working  about  a  pinion  X,  the 
pistons  P  and  P'  are  moved  alternately  up  and  down.  On  the  plate  V  is 
fitted  a  thick  glass  plate  with  a  very  true  surface.  In  its  centre  is  a  screw 
tubulure  n,  fixed  into  a  conduit  nc  in  the  base  of  the  pump,  and  which  con- 
nects the  receiver  and  the  barrels. 

Fig.  168  ^ves  a  vertical  section  of  one  of  the  pistons  on  a  larger  scale. 
It  consists  of  two  brass  discs,  A  and  B,  the  latter  of  which  is  provided  with 
a  tubulure  in  which  is  a  screw  D  ;  this  presses  together  a  number  of  leather 
washers*  very  slightly  larger  than   the  disc.     The  leather  is  thoroughly 


Fie.  <^7' 

soaked  with  oiI>  and  slides  airtight  in  the  barrels,  but  with  slight  friction.  D 
is  pierced  by  a  channel  which  connects  it  with  the  outer  air.  In  the  centre 
of  the  disc  B  is  a  hole  /,  closed  by  a  metal  \'alve  Z,  which  is  shod  with  coric, 
and  by  means  of  a  rod  ^  is  kept  in  position  in  the  channel* 

A  valve  s  opens  and  closes  the  orifice  of  the  channel  r»  which  is  in  coo* 
nection  with  the  receiver.  It  is  fixed  to  the  end  of  a  rod  a,  which  moves.,  but 
with  friction,  through  the  piston.  Then  when  the  piston  sinks  it  carries  wttli 
it  the  rod  it,  and  closes  the  orifice.  As  the  piston  rises  it  lifts  the  rod,  but 
only  for  a  small  distance, for  the  rod  strikes  against  the  top  of  the  barrel,; 
the  piston,  continuing  its  upward  motion,  slides  along  the  rod. 

The  stopcock  T  connects  the  receiver  R  with  the  air-pump  gauge  E  (sot 
while  S  connects  the  receiver  with  the  barrels.     When  the  receiver  hs^  been 
esbanBted,  S  is  turned  through  a  quarter,  and  the  vacuum  is  thus 
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bt  admitted  by  opening  a  screw  r,  at  the  top  of  a  channel  in  the 
;il9df. 
Tb©  pitKui  P'  being  at  the  bottom  of  the  barrel  (figs,  i68  and  169),  as  the 
badk  it  worked,  the  piston  rises,  and  wiih  it  the  rod  a  and  the  valve  j, 
p^k  Z  i*  cIa5^  by  its  own  weight  and  the  pressure  of  the  air,  A  partial 
mm  '  under  the  piston,  but  the  valve  j,  having  opened  up  con- 

tioo  -  ceiver  R,  the  air  in  this  expands  and  fills  both  the  receiver 

tiie  UuYcl.  When  P'  begins  to  descend,  the  valve  s  is  closed  by  the 
leKCDt  of  Uie  rod  a^  ihe  rarefied  air  in  the  barrel  can  no  longer  return  to 
eivcr,  it  gets  more  and  more  condensed,  and  its  elastic  force  is  uki- 
ftatdy  iD  great  as  to  open  the  valve  Z,  and  the  air  under  the  piston  escapes 
>}  the  channel  D  into  the  outer  air,  and  thus  the  rarefaction  produced 


i 


it  the  reedirer  is  permanent  At  the  second  stroke  of  the  piston  the 
■nr  pliefiocnenon  is  repeated^  until  a  limit  is  reached  at  wluch,  although 
^rrr  ti  lir  tn   the  receiver,  its   clastic  force  is  insufficient  to  raise   the 

•  d^u'  that  when  the  rarefaction  has  proceeded  to  a  considerable 
,  tiK  asmospheric  pressure  on  the  top  of  P  will  be  very  greats  but  it  will 
he  ftsy  Marly  boianced  by  the  atmospheric  pressure  on  the  top  of  the  other 
Coosequenlly  the   experimenter  will   have  to  overcome  only  the 
nl*  the  two  pressures.     This  is  the  reason  why  two  barrels  are 
a  plan  iint  adopted  by  Hawksbee. 
s»t,  Ali^vttBip  f  mac««^VVhcn  the  pump  has  been  worked  some  time, 
in  the  receiver  ts  indicated  by  the  difference  of  level  of  the 
tlie  two  legs  of  a  glass  tube  bent  like  a  syphon,  one  of  which  is 
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opened,  and  the  other  closed  like  the  barometer.  This  little  appara 
which  is  called  the  gauge ^  is  fixed  to  an  upright  scale,  and  placed  undc 
small  bell-jar,  which  communicates  with  the  receiver  E  by  a  stopcock 
inserted  in  the  tube  leading  from  the  orifice  C  to  the  cylinders,  fi%.  167. 

Before  commencing  to  exhaust  the  air  in  the  receiver,  its  elastic  fc 
exceeds  the  weight  of  the  column  of  mercury  which  is  in  the  closed  brai 
and  which  consequently  remains  full.  But  as  the  pump  is  worked, 
elastic  force  soon  diminishes,  and  is  unable  to  support  the  weight  of 
mercury,  which  sinks  and  tends  to  stand  at  the  same  level  in  both  legs, 
an  absolute  vacuum  could  be  produced,  they  would  be  exactly  on  the  ss 
level,  for  there  would  be  no  pressure  either  on  the  one  side  or  the  other, 
with  the  very  best  machines  the  level  is  always  about  a  thirtieth  of  an  i 
higher  in  the  closed  branch,  which  indicates  that  the  vacuum  is  not  abso 
for  the  elastic  force  of  the  residue  is  equal  to  the  pressure  of  a  colum: 
mercury  of  that  height. 

Theoretically  an  absolute  vacuum  is  impossible ;  for,  since  the  voh 
of  each  cylinder  is,  say,  ^  that  of  the  receiver,  only  ^  of  the  air  in 
receiver  is  extracted  at  each  stroke  of  the  piston,  and  consequently  it  is 
possible  to  exhaust  all  the  air  which  it  contains.  The  theoretical  degre 
exhaustion  after  a  given  number  of  strokes  is  easily  calculated  as  follows 
Let  a  denote  the  volume  of  the  receiver,  including  in  that  term  the  pi 
b  the  volume  of  the  cylinder  between  the  highest  and  lowest  position: 
the  piston  ;  and  assimie,  for  the  sake  of  distinctness,  that  there  is  only 
cylinder :  then  the  air  which  occupied  a  before  the  piston  is  lifted  occu 
a->rb  after  it  is  lifted  ;  and  consequently  if  //,  is  the  density  at  the  end  of 
first  stroke,  and  d  the  original  density,  we  must  have 


a-¥b 
If  </g  is  the  density  at  the  end  of  the  second  stroke,  we  have 


rf.-//.. 


Ka-^b) 


\a-^b) 
Now  this  reasoning  will  apply  to  n  strokes  ; 

consequently  d""  -  dL  -      j 

If  there  are  two  equal  cylinders,  the  same  formula  holds  ;  but  in  1 
case,  in  counting  «,  upstrokes  and  downstrokes  equally  reckon  as  ovu. 

It  is  obvious  that  the  exhaustion  is  never  complete,  since  ^can  be  1 
only  when  n  is  infinite.  However,  no  very  great  number  of  strokes  is 
quired  to  render  the  exhaustion  virtually  complete,  even  if  a  is  several  tir 
j^ater  than  b.  Thus  if «-  lOr/a  hundred  strokes  will  reduce  the  dens 
from  d\oo'000\d\  that  is,  if  the  initial  pressure  is  30  inches,  the  pressure 
the  end  of  100  strokes  is  0*012  of  an  inch. 

Practically,  however,  a  limit  is  placed  on  the  rarefaction  that  can  be  pi 
duced  by  any  given  air-pump  ;  for,  as  we  have  seen,  the  air  becomes  d 
mately  so  rarefied  that,  when  the  pistons  are  at  the  bottom  of  the  cylind 
its  elastic  force  cannot  overcome  the  pressure  in  the  valves  on  the  inside 
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I ;  they  therefore  do  not  open,  and  there  is  no  further  action  of  the 

X 

12.  B— Ma  awliamtion  stopoook. — By  means  of  this  device  the  ex- 
300  of  the  air  can  be  carried  to  a  very  high  degree.  Fig.  170  gives  a 
mtal  section  of  the  stopcock  Q,  which  by  means  of  a  central  channel 
two  lateral  ones  forms  a  communication  with  the  receiver  and  the 
Is^  When  the  working  ceases,  that  is  when  Z  no  longer  rises,  a  quarter- 
is  given  to  Q,  fig.  172.  The  connections  are  now  altered,  as  is  seen  from 
oiizontal  sections  in  figs.  170  and  172,  and  the  vertical  sections  in  figs. 
ind  173.  The  new  channels  correspond  now  with  those  of  the  base,  and 
igbt  barrel  is  alone  connected  with  the  receiver  by  the  channel  nmc. 


Fig.  170. 


Fig.  X72. 


Fig.  17'. 


Fig.  173- 


^-«  the  left  is  connected  by  an  oblique  channel  in  the  stopcock  with  a 
-*J^  aperture  s  in  the  base  of  the  right  barrel. 

^e  ri;;hi  piston  as  it  rises  exhausts  air  from  the  receiver  ;  but  when  it 
'ksthc  exhausting  air  is  drawn  into  the  left  barrel  by  the  apertures  o  and 
^is  latter  being  always  open,  for  the  corresponding  conical  valve  is  raised. 
^  the  right  piston  rises,  that  of  the  left  sinks  ;  but  the  air  below  does 

return  to  the  right  barrel,  for  the  orifice  is  now  closed  by  the  conical 
c.    \s  the  right  cylinder  continues  to  exhaust  the  air  in  the  receiver, 

to  fr»rce  it  into  the  left  cylinder,  the  air  accumulates  here  and  ultimately 
:ires  sufficient  pressure  to  raise  the  valve  of  the  piston  Q,  which  was 
'/Siible  before  the  stopcock  was  turned,  for  it  is  only  when  the  valves  in 


piston   is   doubled ;    an   advantage 
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viieel  on  the  former  axis  has  twice  as' many  teeth  as  that  on  the  latter 

axisy    the   pressure   which  raises  the 

which  is  counterbalanced  by  the 

mconvenience  that  now  the  piston 

mill  make  one  oscillation  for  one 

re%*olution  of  the  fly-wheel. 

The  machine  is  double-acting  ; 

that  is,  the  piston  PP  (fig.  175)  pro- 
daces  a  vacuum,  both  in  ascending 

and  descending.    This  is  effected 

by  the  following  arrangements  : — 

In  the  piston  there  is  a  valve,  b^ 

opening  upwards  as  in  the  ordinary 

machine.     The  piston  rod  AA  is 

hollow,  and  in  the  inside  there  is  a 

copper  tube,  X,  by  which  the  air 

makes  its  escape  through  the  valve 

b.    At  the  top  of  the  cylinder  there 

is  a  second  valve,  a,  opening  up- 
wards.    An  iron  rod,  D,  works  with 

j^ntle  friction  in  the  piston,  and 

terminates  at  its  ends  in  two  conical 

\-iives,  s  and  s*^  which  fit  into  the 

•-■^enings  of  the  tube  BB  leading  to 

:hc  receiver. 

Let  us  suppose  the  piston  de- 
Krnds-  The  \'alve  s'  is  then  closed, 
i--d,  the  valve  s  being  open,  the  air 
'f  *hc  receiver  passes  into  the  space 
'«Vjve  the  piston,  while  the  air  in 
•h^  space  below  the  piston  under- 
;  <^  compression,  and,  raising  the 
~  ivr.  escapes  by  the  tube  X,  which 
■'Timunicates  with  the  atmosphere.  ^^^'  *75- 

-W-r.  the  piston  ascends,  the  exhaustion  takes  place  through  j',  and  the 
•ii'vc  <  being  closed,  the  compressed  air  escapes  by  the  valve  a. 

The  machine  has  a  stopcock  for  double  exhaustion,  similar  to  that 
'.  ''^ady  described  (202).  It  is  also  oiled  in  an  ingenious  manner.  A  cup,  E, 
•  -r.d  the  rod  is  filled  with  oil,  which  passes  into  the  annular  space  between 
'■"■t  rr^  AA  and  the  tube  X  ;  it  passes  then  into  a  tube  00  in  the  piston,  and, 
'red  by  the  atmospheric  pressure,  is  uniformly  distributed  on  the  surface 
« the  piston. 

The  apparatus,  being  of  iron,  may  be  made  of  much  greater  dimensions 
than  the  ordinar>'  air-pump.  A  vacuum  can  also  be  produced  with  it  in  far 
:«s  time  and  in  apparatus  of  greater  size  than  usual. 

204.  Beieoifs  alr^pnmp. — In  this  air-pump  the  main  peculiarity  is  its 
y%\r}Ti^  which  is  of  considerable  length,  and  consists  of  a  series  of  accurately 
<^'^nstnjrted  metal  discs  bolted  together.  This  works  easily  and  smoothly  in 
•be  barrel,  and  no  packing  or  lubricator  is  used  ;  or  rather,  the  lubricatot 

N  a 
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is  the  air  in  the  space  between  the  piston  and  the  barrel.  The  internal 
friction  of  the  air  in  this  narrow  space  is  so  great  that  the  rate  at  which  it 
leaks  into  the  barrel  is  far  inferior  to  the  rate  at  which  the  pump  is  exhaust- 
ing air  from  the  receiver.  And  Maxwell  showed  that  the  internal  friction 
is  not  diminished  even  when   its  density  is  greatly  reduced.     Hence  the 

pump  works  very  satisfactorily  up  to  a 
considerable  degree  of  exhaustion— to 
a  millimetre  of  mercury,  for  instance. 

205.  Sprensel's  air  -  pimip.  — 
Sprengel  has  de>nsed  a  form  of  air- 
pump  which  depends  on  the  principle 
of  converting  the  space  to  be  exhausted 
into  a  Torricellian  vacuum. 

If  an  aperture  be  made  in  the  top 
of  a  barometer  tube,  the  mercury  sinks 
and  draws  in  air ;  if  the  experiment 
be  so  arranged  as  to  allow  air  to  enter 
along  with  mercury,  and  if  the  supply 
of  air  be  limited  while  that  of  mercury 
is  unlimited,  the  air  will  be  carried 
away  and  a  vacuum  produced  The 
following  is  the  simplest  form  of  the 
apparatus  in  which  this  action  is  real- 
ised. In  fig.  176,  cd  is  a  glass  tube 
longer  than  a  barometer,  open  at  both 
ends,  and  connected,  by  means  of  india- 
rubber  tubing,  with  a  funnel,  A,  filled 
with  mercury  and  supported  by  a  stand. 
Mercury  is  allowed  to  fall  in  this  tube 
at  a  rate  regulated  by  a  clamp  at  c ; 
the  lower  end  of  the  tube  cd  fits  in  the 
flask  B,  which  has  a  spout  at  the  side 
a  little  higher  than  the  lower  end  of 
cd  ;  the  upper  part  has  a  branch  at  jr^ 
to  which  a  receiver  R  can  be  tightly 
fixed.  When  the  clamp  at  c  is  opened^ 
the  first  portions  of  mercury  which 
run  out,  close  the  tube  and  prevent  air 
from  entering  below.  As  the  mercur>'  is  allowed  to  run  down,  the  ex- 
haustion begins,  and  the  whole  length  of  the  tube  from  x\o  d\s  filled  uith 
cylinders  of  air  and  mercury  having  a  downward  motion.  Air  and  mercury 
escape  through  the  spout  of  the  flask  B  which  is  above  the  basin  H,  where 
the  mercur>'  is  collected.  It  is  poured  back  from  time  to  time  into  the  funnel 
A,  to  be  repassed  through  the  tube  until  the  exhaustion  is  complete.  As  this 
point  is  approached,  the  enclosed  air  ])ctween  the  mercury  cylinders  is  seen 
to  diminish,  until  the  lower  part  of  cd  forms  a  continuous  column  of  mercury 
about  30  inches  high.  Towards  this  stage  of  the  process  a  noise  is  heard 
like  that  of  a  water-hammer  when  shaken  ;  the  operation  is  completed  when 
the  column  of  mercury  encloses  no  air,  and   a  drop  of  mercur>'  falls  on  the 
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top  of  the  column  without  enclosing  the  slightest  air-bubblc.  The  height  of 
tke  column  then  represents  the  height  of  the  column  of  mercury  in  the 
bftrametcr  ;  in  other  wards,  it  is  a  barometer  whose  Torricellian  vacuum 
b  ite  receiver  R.  This  apparattis  has  been  used  with  j^reat  success  in 
operimetits  in  which  a  very  complete  exhaustion  is  required,  as  in  the 
prepttn&lkra  of  Geissler's  tubes  and  in  incandescent  electrical  lamps.  It 
■uy  be  iid%'aiitageousl>'  combined  with  an  exhausting  syringe,  which  first 
rosovH  lh«  greater  part  of  the  air,  the  exhaustion  being  then  completed  as 
iboifc 

The  most  perfect  vacua  are  obtained  by  absorbing  the  residual  gas,  after 


tbe  nhatj^lioo  has  been  pushed  as 
%  uamt  substance  with  which 
ic  cotaboacs  clicmrcally.     Thus     _iL 
Dew^vha^  produced  a  vacuum^ 

he  e-  -A  jj^  of  a 

^  charcoal 
10  xtAwmh^  iu  ^  vessel  from 
•hkii  air  \^^^  *>«"en  exhausted 
faf  the  b  1 1  mp^  and  then 

1^  -'L     Finkcner 

m  w«ei  with  oxygen,  then 

ted  ftis  far  iL%  possible, 
i^  finally  heated  to  redness 
iooic  copper  contained  in  the 
««hbL  This  absorbed  the 
■ionfe  quantity  of  gas  left,  with 
lleinntiAU<>n  of  cupric  oxide. 
Ia  ^one  of  bb  experiments 
Cnnke*  obtained  by  chemical 

a  vacuum  of  j^J^,.,  of  a 

In  these   highly 

is  so 

A    to 

ces. 

i   has 

.ugc, 

■  ^  .Ml  on- 

4ume  of 


I  her  mechanically  or 
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lo  a  much  smaller  volimie,  and  tlicn  to  measure  its 
V  rnnclitions. 
-  ii;^ rental  pump. — This  is  a  very  convenient  arrangement 
;cuum  in  cases  where  a  good  supply  of  water  is  available, 
A  r..M>[iosition  lube  a  (fig.  177),  connected  wiih  the  scr- 
,  is  joined  by  means  of  a  caoutchouc  tube  to  a 
.ij,  u*  «  un  i*  is  attached  at /a  leaden  tube  about  10  to  12  yards 
THc  mbc  ir  b  connected  with  tlie  space  to  be  exhausted.    The  water 
by  «,  and  in  faUinj;  down  the  lube  carries  w  ith  it  air  from  the  space 
*tt  W  nfannted.    The  supply  of  water,  and  therewith  the  rate  of  exhaustion^ 
bt  fffulaiall  by  the  stopcock  b  \  tbe  bent  tube//,  which  contains  mer- 
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cury,  measures  the' degree  of  exhaustion,  which  may  be  reduced  to  ji 
pressure  of  lo  h>  1 5  millimetres. 

207.  JUplimttny  •Atton  of  oiirr«aU  of  air.— When  a  jet  of  liquid  Of  of 

a  gas  passes  through  air,  it  carries  the  surrounding  air  along  with  it,  fre»h 
air  rushes  in  to  supply  its  place,  cotBCs  also  in  contact  with  the  jet,  and  is  in 
like  manner  carried  away.  Thus,  then,  there  is  a  continual  rarefaction  of  the 
air  round  the  jet,  in  consequence  of  which  it  exerts  an  a^piralor^^  action. 

This  phenomenon  may  be  well  illustriitcd  by  means  of  an  apparatus  re- 
presented in  fig.  178,  the  analogy  of  which  to  the  expcriinent  described  (146) 
will  be  at  once  evident.  It  consists  of  a  wide  glass  tube*  in  the  two  ends  of 
which  are  fitted  two  small  tubes,  nd  and  B  ;  in  the  bc»ttom  is  a  manometer 
tube  containing  a  coloured  liquid.  On  blowing  through  the  narrow  tube  the 
liquid  at  o  is  seen  to  ns^.  If,  on  the  contrary,  the  wide  tube  is  blown  into, 
a  depression  is  produced  at  0, 


Fiis.  178, 
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To  this  class  of  phenomena  belongs  the  following  experiment,  which  is  m 
simple  modification  of  one  originally  described  by  Clement  and  Dcsormcs. 
A  tube  is  fixed  in  a  metal  disc  {fig.  179),  its  end  being  flush  with  the  surface. 
A  light  disc  is  held  at  a  little  distance  by  means  of  three  metal  studs. 
Holding  the  tube  vertically  with  the  discs  downwards,  and  blowing  into  it, 
the  movable  disc  is  seen  to  rise  until  it  comes  in  contact  with  the  upper  one. 
The  current  of  air  spread?*  out  from  the  centre  of  the  plate  touards  the 
circumference,  and  in  doing  so  it  is  rarefied  ;  in  consequence  of  this  tesseoed 
pressure  in  the  space,  the  lower  disc  is  lifted  by  the  external  pressure  i 
the  upper  one,  where  it  remains  as  long  as  the  blowing  continues, 
simplest  plan  of  making  this  experiment  was  de\*ised  by  Faraday.  HoM 
one  hand  horizontal^  the  palm  downwards  and  the  fingers  rloscd,  the  sp 
between  the  index  and  middle  finger  is  blovin  through.  If  a  piece  of 
paper,  of  2  or  3  square  inches,  is  held  against  the  aperture,  it  docs 
as  long  as  the  blowing  continues. 

The  old  ziuiUrbM^i^s,  still  used  In  mountainous  places  where  there 
continuous  fall,  is  a  further  application  of  the  principle.     Water  falling  I 
a  reservoir  doun  a  narrow  tube  divides  and  carries  air  along  with  it ; 
(here  are  apertures  In  the  side  through  which  air  can  enter,  this  al 
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pEied  aicNlS,  and  becomes  accumulated  in  a  reservoir  placed  below,  from 
|Mto  Dieafis  of  a  lateral  tube  it  can  be  directed  into  the  hearth  of  a 

''^^tbe  lamma^iive  sUam-pip€  a  jet  of  steam  entering  the  chimney  of  the 
BOMiYe  carries  the  air  away^  so  that  fresh  air  must  anive  through  the 
^«ad  tbtis  the  draught  be  kept  up.  In  GiffuPifs  injector  water  is  pumped 
fa  )et  of  steam  into  the  boiler  of  a  steam-engine. 


iTl^ih!^ 


Fiu.  «ai. 


Baromr  pttmp. — Figs.  I  So  and  iSt  represent  a  mercu- 
op,  constructed  by  Alvergniat  It  consists  of  two  reservoirs,  A 
Bcaed  by  a  barometer  tube  T,  and  a  long  caoutchouc  tube  C, 
k  tatrmx  B  and  the  tube  T  arc  fixed  to  a  vertical  support  A,  which  is 
NiMc  ^mI  open^  and  can  be  alternately  raised  and  lowered  through  a 
k"»  of  Marly  4  feet.  This  is  effected  by  means  of  a  long  wire  rope, 
)Uk  n  ix«d  »t  one  end  to  the  reservoir  A,  and  passes  over  two  pulleys,  a 
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and  b^  the  latter  of  which  is  lurncd  by  a  handle.  Above  the  resenoir  B  b  a 
ihree-way  cock  // ;  to  this  is  attiiched  a  tube  d^  for  exhaustion,  and  on  dbt 
left  is  an  ordinary^  stopcock  w,  which  communtcates  with  a  reservoir  of 
mercury  t/,  and  with  the  air.  The  exhausting  tube  d  is  not  in  direct  Cdiii* 
municaiion  with  the  receiver  to  be  exhausted  ;  it  is  first  connected  wiih  4 
reservoir  <j,  partially  filled  with  sulphuric  acid,  and  designed  to  dry  the  gaset 
which  enter  the  apparatus.  A  caoutchouc  tube,  c,  makes  commimicalioa 
with  tJie  receiver  which  is  to  lie  exhausted.  On  the  reser\'oir  *?  is  a  sattli 
mercury'  manometer />. 

These  details  being  understood,  suppose  the  reservoir  A  at  the  top  of  te' 
course  (fig.  180),  the  stopcock  m  open,  and  the  stopcock  n  turned  as  seeo  bi 
Z ;  the  caoutchouc  lube  C,  the  lube  T,  the  rescr\'oir  B,  and  the  tube  abovt 
arc  filled  with  mercury  as  far  as  v ;  closing  then  the  stopcock  m^  and  tower-! 
ing  the  reservoir  A  (fig.  181},  the  mercury  sinks  in  the  reservoir  B,  and  iHi 
the  tube  T,  until  the  di^ercncc  of  levels  in  the  two  tubes  is  equal  to  the  hm^' 
metric  height,  and  there  is  a  vacuum  in  the  rcsen  ojr  B.  Turning  now  ibe 
,    -  stopcock  /I,  as  shown  in  fig*  X,  the  gii 

from  the  space  to  be  exhausted  passes, 
into  the  barometric  chamber  B  by  til^ 
tubes  c  and  d^  and  the  level  again  stnltt 
in  the  tube  T.  The  stopcocks  are  oow 
replaced  in  the  first  position  (fig.  Z),  anil 
the  rcser\'oir  A  is  again  lifted,  tlic  cxce^^ 
of  pressure  of  mercury  in  the  caout 
tube  expels,  through  the  stopcocks  m 
//f,  the  gas  which  had  passed  tnio 
chamber  B,  and  if  a  few  drupleu  of 
cury  are  carried  along  with  ihcm,  they 
^g^jSa.      ^^^^^^^^  ^^  collected  in  the  vessel  r\    TVr  '^jr 

cess  is  repeated  until  the  mercu; 
tually  at  the  same  level  m  both  U \^ 
Like  SprengcFs  pump,  this  ti 
slow  in  its  working,  and,  like  it,  t» 
employed  in  completing  the  csiii; 
of  a  space  which  has  already  bern 
tially  rare  tied  ;  for  a  \  acuum  of  }^  of  a  ] 
mil li metre  nniy  be  obtained  by  its  m« 
209.  Cimdeasliis  puai^«~The 
"'  ;i  ir  :  inmip  is  an  apparatus  for  c 
iti»or  any  tHlier  ijas.    The  1 
usually  adopted  \s  the  '  " 
cylinder,  .\,  of  small  «! 
there  is  a  solid  piMon.  the  ro<i  of  which  is  moved  by  the  hand.   T Uc  vjlx 
Ift  provided  with  a  screw  which  fits  into  the  receiver  K,     Fig.  1S2  shoivsi 
arnrngemcnt  of  the  \'alvcs,  which  arc  $0  constructed  that  the  lateral  ^ 
opens  from  the  ourside,  and  the  lower  valve  s  from  the  inside, 

Wlirn  the  piston  descends,  the  valve  o  closes,  and  the  clastic  force  of  tibt^ 
compresse<l  air  opens  the  valve  j,  which  thus  allows  the  compressed  air  te 
pass  into  the  receiver.    When  the  piston  iisccnds^  /  closes  ami  c  opensi  1 
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pomh^  -rSe  r:r7arict  of  fresh  ^.  -arhidi  in  rjni  becomes  compressed  by  ihe 


-^ 


s::  of  "^K  paS'.CL  a^d  so  00.  This  apparatus  is  chiei:y  used  for  char^- 
■C  bqajds  "m-ni  ^ases.  For  this  parposc  lie  stopcock  B  is  connected  whh 
a  mtii^gr  of  ibe  gas  b\-  means  of  ibc  tube  D.  The  pump  exhausts  this 
ps.  aad  iorre*  h  isiD  The  ves««l  K.  in  which  the  liquid  is  contained.  The 
■tacia]  ganeocs  va:ers  are  made  by  means  of  analogous  apparatus. 

Tbe  p:  vuli^a  c^  ir»e  condensing  pump  has  many  applications,  such  as  in 
4e  ssial  p=4  ==<-d  by  pVjiribers  for  testing  and  for  clearing  gas>pipes,  in 
WBT'atiiig  mizkcs.  in  supphing  air  to  blast -furnaces,  in  the  air-brakes  used 
■  raiivaT  trarns  aad  so  forth. 

2xa  «■•■  mr^m  atowpaspb— A  great  many  experiments  ^\-ith  the  air- 
pcap  have  been  already  described.  Such  arc  the  mercurial  rain  (13,  the 
U  of  bodies  in  \:acao  -6  ,  the  bladder  1 53. , 
:he bzrstrig  of  &  bladder  159.  the  Magdc- 
^p  hirmispbcres    160.  and  the  baTx>scope 

•«- 

Tbe  fncztain  in  \:acuo  -'hg.  184;  is  an  ex- 
aBL.gM  made  vith  the  air-pump, and  shows 
^  ciastic  force  rA  the  air.  It  consists  of  a 
Ass  vefsel.  A-  provided  at  the  bottom  with 

i  =:'->:--^k»  ar.d  a  tubulure  which  projecis 
V  •■-.»:  "nTeri-'r.  Having  screwed  this 
irjferi.---  -..-.  the  air-pump  it  is  exhausted, 
i^*!  '"'•i   -:f-r«cr-ck  being  closed,  it  is  placed 

■  a  i-f^.  ..f  -^ater.  R.  Cipenin;:;  then  :he 
'  '•—  ""■:,  'Ke  a:m"*pheric  pressure  upon  the 

zit'  r.  •:■-'.-  ver-el  makes  ii  jtl  through  the 
-"-.-rt  \r.'.'j  the  inierior  of  the  vessel,  as 
V  -»  -  :  -  •  ■".  e  d raw:  n g. 

r..-.  :  =  ;  r'rpresents  an  experimcni  illus- 
"'.r./  ".he  effect  of  atmospheric  pressure  on 
~*  :  .:n:an  b^^Kiy.  A  glass  vessel,  open  at 
".'s.  *:TAi.  being  placed  on  the  plate  of  the 
"is/.r  r.e,  the  upper  end  of  the  cylinder  is 
-'^<^  ":y  the  hand,  and  a  vacuum  is  made. 
^'*  har.d  then  becomes  pressed  by  the 
•' -ht    r.f    the   atmosphere,   and   can   only  ' "" 

'  •-iic'rr.  a  A  ay  by  a  great  effort.  .And  as  the  clabticity  <>f  the  fluids  i.«>m- 
i-.*-:  :r.  the  organs  is  not  countrrbalanced  by  the  weight  (»f  the  atiiu)- 
:. -^r*-.  t:.c  palm  of  the  hand  swells,  and  blood  tends  to  esca^Hi  from  the 

h\  rr.eans  of  the  air-pump  it  may  be  shown  that  air,  by  reason  of  the 

■i*. -T-.  i!  contains,    is  ncrrssary  for  the  support  of  combustion  and  of  life. 

?  r  f  -AC  place  a  lighted  taper  under  the  receiver,  and   begin  to  exhaust  the 

'.'''f.  T^.:imc  becrtmes  weaker  as  rarefaction  proceeds,  and  is  finally  extin- 

-=r'^-i.     Similarly  an  animal  faints  and  dies  if  a  vacuum  is  forincd  in  a 

'•:    '--r  '.mder  which  it  is  placed.     Mammalia  and  birds  soon  die  in  vai  u«). 

■  :.  ;::.i  reptiles  support  the  loss  of  air  for  a  much  longer  time.  insi<  t^ 
'-•  !:.t  several  days  in  vacuo. 
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Substances  liable  lo  ferment  may  be 
kept  in  vacuo  for  a  long  time  without 
alteration,  as  they  are  not  in  conLuct  with 
oxygen,  which  is  necessary  for  feroieatai- 
tion.  Food  kept  in  airtight  cases,  from 
which  the  air  had  been  exhausted,  have 
been  found  as  fresh  after  years  as  on  the 
first  day. 

211.  Xaro**  D»«BtaiA,« — Heroes  fountain, 
which  derives  its  nmne  from  its  in%'entiir« 
Hero,  who  Uved  at  Aiexandria,  J20  ac, 
depends  on  the  elasticity  of  the  air.  It 
consists  of  a  brass  dish,  D  (%.  r86),  aod  of 
two  glass  globes,  M  and  N.  The  dish  com* 
municatcs  with  the  lower  part  of  the  globe  N 
by  a  tong  tube,  B  ;  and  another  tube^  A. 
connects  the  two  globes.  A  third  lube 
passes  through  the  dish  D  to  the  lower  pan 
of  the  globe  M.  This  tube  having  bee© 
taken  out,  the  globe  M  is  partially  ftllcd  with  water  ;  the  tube  is  then  replaced^ 
and  water  is  poured  into  the  dish.     Tlie  water  flows  through  the  tube  B  into 

the  lower  globe,  and  expels  the  air^  which  is 
forced  into  the  upper  glo^jc  ;  the  air,  thas 
compressed,  acts  upon  the  water,  and  makes  it 
jet  uut  as  represented  in  the  figure*  If  it 
were  not  for  the  resistance  of  the  atmospbeie 
and  friction,  the  liquid  would  rise  to  a  heifiit 
above  the  water  in  the  dish  eqtial  to  ibo 
difference  of  the  level  in  the  two  globesL 

212.  Saitermltt«Qi  fomitaJa,  —The  Sm* 
iermiUent  Jotmtam  depends  partly  on  the 
elastic  force  of  the  air,  and  partly  on  tlir 
atmospheric  pressure.  It  consists  of  A 
stoppered  glass  globe  (C,  fig.  187),  prm-uied 
with  two  or  three  capillar>'  tubulurcs,  D- 
A  glass  tube  open  at  both  ends  reaches  M 
one  end  to  the  upper  part  of  the  globe  C  i 
the  other  end  terminates  just  abt^vc  a  tittle 
aperture  in  the  dish  li,  which  supports  tht 
whole  apparatus. 

The  water  with  which  the  globv 
nearly  two- thirds  filled,  runs  out  by  the  1 
D,  as  shown  in  the  figure,  the  internal 
sure  at  D  being  equal  to  tlie  atmosphc 
pressure,  together  with  the  t%^ighl  of 
column  of  water  CD,  while  the  estecikal 
pressure  at  that  point  is  only  that  of  the 
atmosphere.  These  conditions  prevail  to 
^^  1^  long  as  the  lower  end  of  the  ghtu  tube  is  opn;. 
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Is,  sa  loQg  as  air  can  enter  C  and  keep  the  air  in  C  at  the  same  density 
ibe  extenial  air  ;  but  the  apparatus  is  arranged  so  that  the  orifice  in  the 
B  does  Dirt  allow  sc3  much  water  to 
oot  as  tt  receives  from  the  tubes 
i  coiiseqtience  of  which  the  level 
fndsalty  rises  in  the  dish,  and  closes 
tlir  lower  end  of  the  glass  tube.  As 
tbe  cstemal  air  cannot  now  enter  the 
glnlie  C«  li>c  air  becomes  rarefied  in  pro- 
partkm  a&  the  tlow  continues,  until 
te  [ii«isufc  of  the  column  of  water  CD, 

Mgl^bcr  with  the  tension  of  the  air  con- 

akcd  in  the  globe,  is  equal  to  this  external 

pnvMffc  at  D  ;  the  flow  consequently  stops. 

Bn  Si  wmter  continues  to  i!ow  out  of  the 

6b  B»  Cbe  tubes  D  become  open  again,  air 

■toife  and  the  60 w  recommences^  and  so 

a,  as  \atk%  as  there  is  water  in  the  globe  C. 
3 1  J.    M^m  0y^lioa«— The  syphon    is 

A  bent   uibe    open   at    both    ends,    and 

villi  vikeqtial  legs  (fig.   18S).     It  is  used 

•  taiiil»Ttiig  liquids   in   the   following 

mmma : — ^Tbe  syphon  is  filled  with  some 

ipod^  aiHl,  Ibe   two  ends    being  closed^ 

te  ilntUEr  (eg  is  dipped  in  the  liquid^ 

m  rqvctcatcd     in    fig.     t88 ;    or,   the 

^kmoa  \€%  having   been   dipped  in  the 

Ifii,  Ibe  atr  is  exhausted  by  applying 

ia  WMitii  ai  B.     A  vacuum  is  thus  produced,  the  liquid  in  C  rises  and  fills 

Aeiobe  in  €•  '  <  c  of  the  atmospheric  pressure.      It  will  then  run  out 

toiefli  tH?  long  as  the  shorter 

■  .v  of  water  from  the 
i|piBtt^  id  ifc»  ^upjKjsc  it  filled  and  the 
A«l  k|^  iBimcrsed  in  the  liquid.  The 
pCHBfa  llicfi  acting  on  C,  and  tending  to 
na»  die  liquid  in  the  tnbc,  is  the  atmo- 
^fccric  |ira«ore  minus  tbc  height  of  the 
ai^  oC  liquid  DC.  In  like  manner, 
^  preuore  tm  the  end  of  the  tube  B  is 
^  «eic)>t  ^  ^^  atmosphere  less  the 
fmaMm.  t£  the  column  of  liquid  AB.  But 
ts^b  tatter  column  is  longer  than  CD, 
W  fHce  acting  at  U  is  less  than  the  force 
vacate* and  ccmsequcmly  a  flow  takes 
^ftet  laopoitional  to  the  di0crcncc  be 
l>eB  these  '      c^^.     The  flow  will 

JiiiiMt  bs 1  in  proportion  as  the  diflference  of  level  between  the 

ipmai^  B  mad  the  Mirfnce  of  the  liquid  in  C  is  greater* 
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lt follows  from  the  theory  of  the  syphon  that  it  would  not  work  in  vacua 
nor  if  the  height  CD  were  greater  than  that  of  a  column  of  liquid  whidi 
counterbalances  the  atmospheric  pressure. 

214.  The  Intennitteat  ajpfaon. — In  the  intermittent  syphon  the  flow  is 
not  continuous.     It  is  arranged  in  a  vessel,  so  that  the  shorter  leg  is  near  the 

bottom  of  the  vessel,  while  the  longer  leg  passes 
through  it  (fig.  189).  Being  fed  by  a  constant 
supply  of  water,  the  level  gradually  rises  both 
in  the  vessel,  and  in  the  tube  to  the  top  of  the 
syphon,  which  it  fills,  and  water  begins  to  flow 
out.  But  the  apparatus  is  arranged  so  that  the 
flow  of  the  syphon  is  more  rapid  than  that  of  the 
tube  which  supplies  the  vessel,  and  consequently 
the  level  sinks  in  the  vessel  until  the  shorter 
branch  no  longer  dips  in  the  liquid  ;  the  syphon 
is  then  empty,  and  the  flow  ceases.  But  as  the 
vessel  is  continually  fed  from  the  same  source 
the  level  again  rises,  and  the  same  series  of  phenomena  is  reproduced. 

The  theory  of  the  intermittent  syphon  explains  the  natural  intermittent 
springs  which  are  found  in  many  countries,  and  of  which  there  is  an  exod* 
lent  example  near  Giggleswick  in  Yorkshire.  Many  of  these  springs  lor- 
nish  water  for  several  days  or  months,  and  then,  after  stopping  for  a  certain 
interval,  again  recommence.  In  others  the  flow  stops  and  recommences 
several  times  in  an  hour. 

These  phenomena  are  explained  by  assuming  that  there  arc  subterranean 
fountains,  which  arc  more  or  less  slowly  filled  by  springs,  and  which  are  then 
emptied  by  fissures  so  occurring  in  the  ground  as  to  form  an  intermittent 
syphon. 

215.  Blfforent  kinds  of  pumps.— /'i/;///j  are  machines  which  serve  tn 
raise  water  cither  by  suction,  by  pressure,  or  by  both  efforts  combined  ;  thcf 
are  consequently  divided  into  suction  or  lift pumps^  force-pumps^  and  iycH&m 
and  forcing  pumps. 

The  various  parts  entering  into  the  construction  of  a  pump  are  the  barrd| 
the  piston,  the  valves,  and  the  pipes.     The  barrel  is  a  c>'linder  of  metal  or 

of  wood,  in  which  is  the  /A^ 
ton.  The  latter  is  a  inetti 
or  wooden  cylinder  wrapped 
with  tow,  and  working  widi 
gentle  friction  the  wholl 
length  of  the  barrel. 

The  valves  are  discs  sf 
metal  or  leather,  which  alter* 


Fig.  190. 


Fig.  191. 


nately  close  the  apertures  which  connect  the  barrel  with  the  pipes.  Tht 
most  usual  valves  are  the  clack  valve  ^fig.  190)  and  the  conical  valve  (%. 
191).  The  first  is  a  metal  disc  fixed  to  a  hinge  on  the  edge  of  the  orifice  l» 
be  closed.  In  order  more  effectually  to  close  it,  the  lower  part  of  the  diie 
is  covered  with  thick  leather.  Sometimes  the  valve  consists  merely  of  m. 
leather  disc,  of  larger  diameter  than  the  orifice,  nailed  on  the  edge  of  the 
orifice.     Its  flexibility  enables  it  to  act  as  a  hinge. 
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ucal  valve  consists  of  a  metal  cone  fitting  in  an  aperture  of  tJie 
lliape*     BcJow  (his  is  an  iron  hoop,  through  which  passes  a  boh-head 

0  tlic  vaJvc  Tlic  object  of  this  is  to  hmit  the  play  of  the  valve  when 
ised  by  the  water,  and  to  prevent  its  rcmovaL 

I..  gMttlyu  pmn^— Fig.  192  represents  a  model  of  a  suction-pump 
l»  b  QMd  in  lectures,  but  which  has  the  same  arrangement  as  the 
lia  COCDOlon  use.  It  consists,  1st,  ^id^giuss  cytindtr^  B,  at  the  bottom 
idl  lliefe  is  a  valve,  S,  opening  upwards  ;  2nd,  of  a  suction-itibe^  A, 
liips  into  tbc  reservoir  from  which  water  is  to  be  raised  ;  3rd,  of  a 
wbtcb  is  moved  up  and  down  by  a  rod  worked  by  a  handle,  P.  The 
is  peifiiciacd  by  a  hole  ;  the  upper  aperture  is  closed  by  a  valve,  O, 

lett  ih^  piston  rises  from  the  bottom  of  the  cylinder  B,  a  vacuum  is 

ied  beUvw,  and  the  valve  O  is  kept  closed  by  the  atmospheric  pres- 

liiile  the  air  in  the  pipe  A,  in 

jiieoce  of  its  elasticity,  raises  the 

St  mud  ponially  passes  into  the 

tfV     The  air  being  thus  mrehed, 

fimeM  in  tlie  pipe  until  the  pres- 

if  tbe  liqfuad   column,   together 

i>e  teoskin  of  the   rarefied   air 

refnAins  m  the  lube,  counter- 
rs   the  pressure    of  the   aimo- 

on  tbc  ^Ai^T  of  the  reservoir, 
lea  tlie  piston  descends,  the 
^  di»c»  by  its  own  weight,  and 
|9»tlie  return  of  the  air  from  the 
|v  ialo  the  tube  A.  The  air 
iWied  by  the  piston  opens  the 
IV ^)d  tacapcs  totn  the  atmo- 
\  bf  tte  pip«  C     With  a  second 

■f  tte  ptifon  the  same  series  of 
totsa  b  |iroduccd,  and  after  a 
inrfues  tJie  water  reaches  the 
tr.  Tbc  diect  is  now  somewhat 
lid  ;  dimng  the  descent  of  the 
ii^  \alfc  S  closes,  and  the 
ibe  ralvc  O,  and  passes 

Mt*^  ,^.*U)ci  by  which  it  is  lifted 
be  ^ipgtr  r^crvoir  D.  There  is 
m  awre  ^r  in  the  pump,  and  the 

fgrced  b)'  tbc  atmospheric  pres- 

msk  witb  the  piston,  provided 

^bea  It  b  mt  the  summit  of  its  course,  it  Is  not  more  than  34  feet  above 

pi^of  tbe  waiter  in  which  the  tube  .\  dips,  for  we  have  seen  (165)  that 

■IB  of  water  of  this  height  is  equal  to  the  pressure  of  the  atmosphere. 

1  psetke  tbe  height  of  the  tube  A  docs  not  exceed  26  to  28  feet,  for 
i|^  die  Mmo^phcric  pressure  can  support  a  higher  column,  the  vacuum 
iK%d  bi  lb*  barrel  is  not  perfect,  owing  to  the  fact  that  the  piston  dues 
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not  fit  exactly  on  the  bottom  of  the  barrel  But  when  the  water  has  passed  Uie 
piston,  it  is  the  ascending  force  of  the  latter  which  raises  it,  and  the  b^f^ 
to  which  it  can  be  brought  depends  on  the  power  which  works  the  piston. 
217.  BiiQtIon  And  force  pump. — The  action  of  this  pump,  a  mode)  of 
which  is  represented  in  fig.  193,  depends  both  on  exhaustion  and  on  pres- 
sure. At  the  base  of  the  barrel^  where  it  is  connected  with  the  tube  A,  ihefc 
is  a  valve,  S»  which  opens  upvvards.  Another  valve,  O,  opening  in  the  ^ame 
direction,  closes  the  aperture  of  a  conduit,  which  passes  from  a  hole  <?,  near 
the  valve  S,  into  a  vessel  M,  which  is  called  the  air-chamher.  From  this 
chamber  there  is  another  tube,  D»  up  wliich  the  water  is  forced. 

At  each  ascent  of  the 
piston  B,  which  is  solid« 
the  water  rises  througb 
the  tube  A  into  the 
When  the  piston 
the  valve  S  closes, 
the  water  is  forced 
the  valve  O  into  tlie 
voir  M,  and  thence  rolo 
the  lube  D.  Tlje  betglit 
to  which  it  can  be 
in  this  tube  d< 
solely  on  the  motive 
which  works  the 

If  the  tube  D 
prolongation  of  the  ttibt 
\ao^  the  flow  would  be  »• 
termittent ;  it  would  ute 
place  when  the  piston  6^ 
sccnded,and  would  craft 
as  soon  as  it 
But  between  these 
there  is  an  ml 
which,  by  means 
air  in  the  rescrk-oir 
ensures  a  continuous 
The  water  forced  into 
reservoir  M  divider 
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two  parts,  one  of  which,  rising  in  D,  presses  on  the  water  in  the  reser^'C 
its  weight ;  while  the  other,  in  virtue  of  this  pressure,  rises  in  the  resen 
above  the  lower  orifice  of  the  tube  D,  compressing  the  air  above,  Co 
quently,  when  the  piston  ascends,  and  no  longer  forces  the  water  into  Mf  1 
air  of  the  reservoir,  by  the  pressure  it  has  received,  reacts  on  the  liquid,  ii 
raises  it  in  the  tube  D,  until  the  piston  again  descends,  so  tbat  the  Jil  \ 
continuous. 

218.   &omd  wblcli  lite  platon  anpporU.— In  the  sycdofl*plimp^  wU 
once  the  water  fills  the  pipe^  and  the  barrel,  as  far  as  the  ipottt,  im  |PJ 
ntctsiory  to  raise  the  piston  is  equal  to  the  iveigki  e/  a  emktmn  9fwdt0K 
ikf^au  0/  u^hiLh  is  this  piston ^  and  the  height  the  vertical  tHiimtw  t/HI^ 
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'  from  the  level  of  the  water  in  the  reservoir;  that  ts,  the  height  to 
wkick  the  water  is  raised.  For  if  H  is  the  atmospheric  pressure,  h  the 
cigfat  of  the  water  above  the  piston,  and  h'  the  height  of  the  column 
rlnc^  fills  the  suction-tube  A  (fig.  191),  and  the  lower  part  of  the  barrel,  the 
■cssure  above  the  piston  is  obviously  H  +  ^,  and  that  below  is  H  -  h\  since 
he  weight  of  the  column  h'  tends  to  counterbalance  the  atmospheric  pressure. 
Bvtas  the  pressure  Yi  —  h'  tends  to  raise  the  piston,  the  effective  resistance 
B  equal  to  the  excess  of  H  +  ^  over  H  -  //',  that  is  to  say,  to  ^  +  h\ 

In  the  suction  and  force  pump  it  is  readily  seen  that  the  pressure  which 
Ike  piston  supports  is  also  equal  to  the  weight  of  a  column  of  water  the  base 
af  which  is  the  section  of  the  piston,  and  the  height  that  to  which  the  water 
■  nised. 

219^  TiT».nm1nr. — The  fire-engine  is  a  force-pump  in  which  a  steady  jet 
ii  obtained  by  the  aid  of  an  air-chamber,  and  also  by  two  pumps  working 


*i*niatcly  (fig.  194).  The  two  pumps  ;//  and  «,  worked  by  the  same  lever 
?Q.  are  immersed  in  a  tank,  which  is  kept  filled  with  water  as  long  as  the 
^p  works.  From  the  arrangement  of  the  valves  it  will  be  seen  that  when 
«e  pump,  «,  draws  water  from  the  tank,  the  other,  w,  forces  it  into  the  air- 
t^kr  R  ;  whence,  by  an  orifice  Z,  it  passes  into  the  delivery  tube,  by 
•fcch  it  can  be  sent  in  any  direction. 

Without  the  air-chamber  the  jet  would  be  intermittent.  But  as  the  velo- 
city of  the  water  on  entering  the  reservoir  is  less  than  on  emerging,  the  level 
rfthe  water  rises  above  the  orifice  Z,  compressing  the  air  which  fills  the 
ittervoir.  Hence,  whenever  the  piston  stops,  the  air  thus  compressed,  re- 
'ftinT  on  the  liquid,  forces  it  out  during  its  momentary  stoppage,  and  thus 
<«ps  up  a  constant  flow. 
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CHAPTER    I. 
PRODUCriON,   PROPAGATION,   AND   REFLECl'lON  OF  SOUNh. 

220.  FroTinoe  of  aoonstlos.— The  study  of  sounds,  and  that  of  the 
vibrations  of  elastic  bodies,  form  the  province  of  the  science  of  sounds^  or 
acoustics. 

Music  considers  sounds  with  reference  to  the  pleasurable  feelings  ihcy  are 
calculated  to  excite.  Acoustics  is  concerned  with  the  questions  of  the  pro- 
duction, transmission,  and  comparison  of  sounds  ;  to  which  may  be  added 
the  "physiological  question  of  the  perception  of  sounds. 

221.  Sound  and  noise. — Sound  is  a  peculiar  sensation  excited  in  the 
organ  of  hearing  by  the  vibratory  motion  of  bodies,  when  this  motion  is 
transmitted  to  the  car  through  an  elastic  medium. 

All  sounds  are  not  identical ;  they  present  differences  by  which  they  may 
be  distinguished,  compared,  and  their  relations  determined. 

Sounds  are  distinguished  from  noises,  Sound  properly  so  called,  or 
musical  sounds  is  that  which  produces  a  continuous  sensation,  and  the 
musical  value  of  which  can  be  estimated  ;  while  noise  is  cither  a  sound 
of  too  short  a  duration  to  be  detennined,  like  the  report  of  a  cannon  ;  or 
else  it  is  a  confused  mixture  of  many  discordant  sounds,  like  the  rolling 
of  thunder  or  the  noise  of  the  wave's.  Nevertheless  the  difference  between 
sound  and  noise  is  by  no  means  precise  :  Savart  showed  that  there  arc 
relations  of  height  in  the  case  of  noise,  as  well  as  in  that  of  sound  ;  and 
there  are  said  to  be  certain  ears  sufficiently  well  organised  to  determine 
the  musical  value  of  the  sound  produced  by  a  carriage  rolling  on  the 
pavement. 

222.  Canse  of  soand.--  Sound  is  always  the  result  of  rapid  oscillations 
imparted  to  the  molecules  of  elastic  bodies,  when  the  state  of  equilibrium  of 
these  bodies  has  been  disturbed  either  by  a  shock  or  by  friction.  Such  bodies 
tend  to  regain  their  first  position  of  equilibrium,  but  only  reach  it  after  per- 
forming,  on  each  side  of  that  position,  very  rapid  vibrator)'  movements  the 
amplitude  of  which  quickly  decreases.  A  body  which  produces  a  sound  is 
called  a  sonorous  or  sounding  body. 
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Fig.  195. 


As  understood  in  England  and  Germany,  a  vibration  comprises  a  motion 
to  andixo  ;  in  France,  on  the  contrary,  a  vibration  means  a  movement  to  or 
tro.  The  French  vibrations  are  i*ith  us  semi-vibrations,  an  oscillation  or 
'Abrition  is  the  movement  of  the  vibrating  molecule  in  only  one  direction  ; 
a  d*yublc  or  complete  vibration  comprises  the  oscillation  both  backwards  and 
fjn^ards.  \'ibrations  of  sounding  bodies  are  very  readily  obser\cd.  If  a 
lijjh:  powder  is  sprinkled  on  a  body  which  is  in  the  act  of  yielding  a  musical 
sound,  a  rapid  motion  is  imparted 
:o  the  powder,  which  renders  visible 
the  '.ib  rat  ions  of  the  body  ;  and  in 
the  same  manner,  if  a  stretched 
cord  be  smartly  pulled  and  let  go, 
io  \  ibrations  are  apparent  to  the 
€yc. 

A  bell-jar  is  held  horizontally 
a  (jne  hand  (tig.  195),  and  made 
to  vibrate  by  being  struck  with  the 
•Kher ;  if  then  a  piece  of  metal  is  placed  in  it,  it  is  rapidly  raised  by  the 
•  ^rations  of  the  side  ;  touching  the  bell-jar  with  the  hand,  the  sound  ceases, 
a.-ui  with  it  the  motion  of  the  metal. 

22  \.  Boands  not  propagated  in  Taono. — The  vibrations  of  elastic  bodies 
.::.  •'•r.'.y  pnxiucc  the  sensation  of  sound  in  us   by  the   intervention  of  a 

::/i  r.terposcd  between  the  ear  and  the 
:  -r  i.>  ''yAw  and  vibrating  with  it.  This 
■■::-•■:  i>  usually  the  air,  but  all  j^ases, 
-•    .r«.    lii'iids,   and    solids   also    transmit 

'.'.:*:  \  t'\o\\\r\'^  experiment  shows  that  the 

.■•.--  ■   Ml"  .1  ponderable  medium  is  ncces- 

':*.'-  •.!'•  ;)ri»p.i;;alion  of  sound.  A  small 
V  .:  :-.;■.,  v. hich  is  continually  struck  by  a 
"-•.     :i:i:nTiivr  by  means   of  clockwork,  or 

t  \:  r(!:r:ary  musical  box,  is  placed  under 
■'  '•    '  ;w.r  of  an  air-pump  (fig.   196).     As 

*.:.!>  :;»e   receiver  is  full  of  air  at  the  ordi- 

ir  p.-v^^iirc  the  sound  is  transmitted,  but 

:•-.;►  .rvon  as   the   air   is   exhausted   the 

■  :- :  .-.1  o  i\*:>  fiebler,  and  is  imperceptible 
■".  i  ■.  .-■:  iin. 

r»  er.-Liro  the  success  of  the  experiment, 

t  y^^Aork   or  the  musical   lx)x   must  be 

■  'ri  ,Ti  -.^adding  ;  for  olheru'ise  the  vibr.v 
'  -.  ild  l/e  transmitted  to  the  air  through 
■'.*  ;/:a*-  <'f  the  pump. 

:2^.  Sound  Is  propac^ted  in  all  elastio  bodies.— If,  in  the  above 
''--.::. '.Tit.  any  vapour  or  gas  Ijc  admitted  after  the  vacuum  has  been  made, 
■■'  '  --/i  0?' the  bell  will  be  heard,  showing  that  sound  is  propagated  in  this 


I  as  m  air. 

A  is  alv)  propagated  in  liquids. 


When  two  bodies  strike 


agamst 
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each  other  under  water  the  shock  is  distinctly  heard.    And  a  diver  at  the 
bottom  of  the  water  can  hear  the  sound  of  voices  on  the  bank. 

The  conductibility  of  solids  is  such  that  the  faint  scratching  of  a  pen  at 
the  end  of  a  long  piece  of  wood  is  heard  at  the  other  end.  The  earth  con- 
ducts sound  so  well  that  at  night,  when  the  ear  is  applied  to  the  ground,  the 
stepping  of  horses,  or  any  other  noise  at  a  great  distance,  is  heard. 

225.  Fropaffatlon  of  soimdlii  tlie  air. — In  order  to  simplify  the  theory 
of  the  propagation  of  sound  in  the  air,  we  shall  first  consider  the  case  in 
which  it  is  propagated  in  a  cylindrical  tube  of  indefinite  length.  Let  MN^ 
fig-  '97»  be  a  tube  filled  with  air  at  a  constant  pressure  and  temperature,  and 
let  P  be  a  piston  oscillating  rapidly  from  A  to  a.  When  the  piston  passes 
from  A  to  tf  it  compresses  the  air  in  the  tube.  But  in  consequence  of  the 
great  compressibility,  the  condensation  of  the  air  does  not  take  place  at  once 
throughout  the  whole  length  of  the  tube,  but  solely  within  a  certain  lengthy 
flH,  which  is  called  the  condensed  wave. 

If  the  tube  MN  be  supposed  to  be  divided  into  lengths  equal  to  aH,  and 
each  of  these  lengths  divided  into  layers  parallel  to  the  piston,  it  niay  be 
shown  by  calculation,  that  when  the  first  layer  of  the  wave^H  comes  to  rest, 
the  motion  is  communicated  to  the  first  layer  of  the  second  wave  HH',  and 
so  on  from  layer  to  layer  in  all  parts  of  H'H'',  WW",  The  condensed  wave 
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Fig.  197. 

advances  in  the  tube,  each  of  its  parts  having  successively  the  same  degree 
of  velocity  and  condensation. 

When  the  piston  returns  in  the  direction  a\  a  vacuum  is  produced 
behind  it,  which  causes  an  expansion  of  the  air  in  contact  with  its  posterior 
face.  The  next  layer  expanding  in  turn  brings  the  first  to  its  original  state 
of  condensation,  and  so  on  from  layer  to  layer.  Thus  when  the  piston  has 
returned  to  A,  an  expanded  ivavc  is  produced  of  the  same  length  as  the  con- 
densed wave,  and  directly  following  it  in  the  tube  where  they  are  propagated 
together,  the  corresponding  layers  of  the  two  waves  possessing  equal  and 
contrary  velocities. 

The  whole  of  a  condensed  and  expanded  wave  forms  an  undulation ; 
that  is,  an  undulation  comprehends  that  part  of  the  column  of  air  affected 
during  the  backward  and  fonwird  motion  of  the  piston.  The  length  of  M 
undulation  is  the  space  which  sound  traverses  during  a  complete  vibratioa 
of  the  body  which  produces  it.  This  length  is  less  in  proportion  as  the 
vibrations  are  more  rapid. 

It  is  important  to  remark  that  if  we  consider  a  single  row  of  i>artic]eS| 
which  when  at  rest  occupy  a  line  parallel  to  the  axis  of  the  c>linder,  kf 
instance,  those  along  AH"  (fig.  197),  wc  shall  find  they  will  have  respcctivdf 
at  the  same  instant,  all  the  various  velocities  which  the  piston  has  had  suc- 
cessively while  oscillating  from  A  to  a  and  back  to  A.     So  that  if  in  fig.  37 
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AH' represents  the  length  of  one  undulation,  the  curved  line  HTQA  will 
represent  the  various  velocities  which  all  the  points  in  the  line  AH'  have 
simultaneously :  for  instance,  at  the  instant  the  piston  has  returned  to  A, 
the  particle  at  M  will  be  moving  to  the  right  with  a  velocity  represented  by 
QM,  the  particle  at  N  will  be  moving  to  the  left  with  a  velocity  represented 
by  PN,  and  so  on  of  the  other  particles. 

When  an  undulatory  motion  is  transmitted  through  a  medium,  the 
motions  of  any  two  particles  are  said  to  be  in  the  same  phase  when  those 
particles  move  with  equal  velocities  in  the  same  direction  ;  the  motions  are 
said  to  be  in  opposite  phases  when  the  particles  move  with  the  same  velocities 
in  opposite  directions.  It  is  plain  from  an  inspection  of  fig.  37  that  when 
aay  two  particles  are  separated  by  a  distance  equal  to  half  an  undulation, 
their  motions  are  always  in  opposite  phases,  but  if  their  distance  equals  the 
length  of  a  complete  undulation  their  motions  are  in  the  same  phase.  A 
iittje  consideration  will  show  that  in  the  condensed  wave  the  condensation 
will  be  greatest  at  the  middle  of  the  wave,  and  likewise  that  the  expanded 
vai'e  w\\\  be  most  rarefied  at  its  middle. 

It  is  an  easy  transition  from  the  explanation  of  the  motion  of  sound- 
vares  in  a  c>'linder  to  that  of  their  motion  in  an  unenclosed  medium.  It  is 
*:T.pIy  necessary  to  apply  in  all  directions,  to  each  molecule  of  the  vibrating 
"^'i;..  what  has  been  said  about  a  piston  movable  in  a  tube.  A  series  of 
jjh'Ticai  waves  alternately  condensed  and  rarefied  is  produced  around  each 
*-.re  "f  disturbance.  As  these  waves  are  contained  within  two  concentrical 
:.-.'.r-<-al  surfaces,  whose  radii  gradually  increase,  while  the  lenj^h  of  the 
:-::'■•.: ion  remains  the  same,  their  mass  increases  with  the  distance  from 
"c  ■■  -r.tre  of  disturbance,  so  that  the  amplitude  of  the  vibration  of  themole- 
-:*'  .gradually  lessens,  and  the  intensity  of  the  sound  diminishes. 

'.I  :^  these  spherical  waves,  alternately  condensed  and  expanded, 
« :  '  h  in  bein;;  propaj^ated  transmit  sound.  If  many  points  are  disturbed  at 
":t  -ame  time,  a  system  of  waves  is  produced  around  each  point.  Hut  all 
■-■■.'>*  wave*  are  transmitted  one  through  the  other  without  modifying  either 
•"^.ir  ler.'jths  or  their  velocities.  Sometimes  condensed  or  expanded  waves 
■  Ti'^iic  with  others  of  the  same  nature  to  produce  an  eflfect  equal  to  their 
•--:■.  ;  sometimes  they  meet  and  produce  an  eflfect  equal  to  their  diflferencc. 
',*'  the  surface  of  still  water  is  disturbed  at  two  or  more  points,  the  co-exist- 
Tf^  of  waves  becomes  sensible  to  the  eye. 

22<.  Causes  wliloli  influence  the  intensity  of  soand. — Many  causes 

-■•.f>  the  force  or  the  intensity  o{  sound.     These  are  the  distance  of  the 

='-j'y.!n;j  bo<ly,  the  amplitude  of  the  vibrations,  the  density  of  the  air  at  the 

:!*'■«  where  the  sound  is  produced,  the  direction  of  the  currents  of  air,  and, 

i-'i;,  'he  nei)jhlx)urhood  of  other  sounding  bodies. 

i.  The  intensity  of  sound  is  inversely  as  the  square  of  the  distance  of  the 
r'n-'r-us  body  from  the  ear.  This  law  has  been  deduced  by  calculation,  but 
•  -A>  be  also  demonstrated  experimentally.  Let  us  suppose  several  sounds 
cf  *:'ijal  intensity — for  instance,  bells  of  the  same  kind,  struck  by  hammers 
'i  t'-e  '■ame  weight,  falling  from  equal  heights.  If  four  of  these  bells  are 
••irH  .it  a  distance  of  20  yards  from  the  ear,  and  one  at  a  distance  of  10 
;  .:-:■,  .t  ii  found  that  the  single  bell  produces  a  sound  of  the  same  intensity 
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as  the  four  bells  struck  simultaneously.  Consequently,  for  double  the  dis- 
tance the  intensity  of  the  sound  is  only  one-fourth.  A  method  of  com- 
paring the  intensities  of  different  sounds  will  be  described  afterwards  (289). 

The  distance  at  which  sounds  can  be  heard  depends  on  their  intensity. 
The  report  of  a  volcano  at  St.  Vincent  was  heard  at  Demerara,  300  miles 
off,  and  the  firing  at  Waterloo  was  heard  at  Dover. 

ii.  The  intensity  of  the  sound  increases  with  the  amplitude  of  tfie  vibrations 
of  the  sonorous  body.  The  connection  between  the  intensity  of  the  sound 
and  the  amplitude  of  the  vibrations  is  readily  observed  by  means  of  vibrating 
cords.  For  if  the  cords  are  somewhat  long,  the  oscillations  are  perceptible 
to  the  eye,  and  it  is  seen  that  the  sound  is  feebler  in  proportion  as  the  am- 
plitude of  the  oscillations  decreases. 

iii.  The  intensity  of  sound  depends  on  the  density  of  the  air  in  the  place  in 
which  it  is  produced.  As  we  have  already  seen  (222),  when  an  alarum  moved 
by  clockwork  is  placed  under  the  bell-jar  of  an  air-pump,  the  sound  becomes 
weaker  in  proportion  as  the  air  is  rarefied. 

In  hydrogen,  which  is  about  j\  the  density  of  air,  sounds  are  much 
feebler,  although  the  pressure  is  the  same.  In  carbonic  acid,  on  the  coo^ 
trary,  whose  density  is  1*529,  sounds  are  more  intense.  On  high  mountains, 
where  the  air  is  much  rarefied,  it  is  necessary  to  speak  with  some  effort  in 
order  to  be  heard,  and  the  discharge  of  a  gun  produces  only  a  feeble  sound. 
The  ticking  of  a  watch  is  heard  in  water  at  a  distance  of  23  feet,  in  oil  of  16J, 
in  alcohol  of  13,  and  in  air  of  only  10  feet 

iv.  The  intensity  of  sound  is  modified  by  the  motion  of  the  atmosphere^ 
and  the  direction  of  tJte  wind,  I  n  calm  weather  sound  is  always  better 
propagated  than  when  there  is  wind  ;  in  the  latter  case,  for  an  equal  distance, 
sound  is  more  intense  in  the  direction  of  the  wind  than  in  the  contrary 
direction. 

V.  Lastly,  sound  is  strengthened  by  the  neighbourhood  of  a  sonorous  body. 
A  string  made  to  vibrate  in  free  air  has  but  a  very  feeble  sound  ;  but  when  it 
vibrates  above  a  sounding-box,  as  in  the  case  of  the  violin,  guitar,  or  video- 
cello,  its  sound  is  much  stronger.  This  arises  from  the  fact  that  the  box  and 
the  air  which  it  contains  vibrate  in  unison  with  the  string.  Hence  the  use  of 
sounding-boxes  in  stringed  instruments. 

Attempts  have  been  made  to  get  a  measure  of  the  loudness  of  sound 
which  should  serve  as  a  standard,  by  allowing  leaden  pellets  to  fall  from 
various  heights  on  an  iron  plate  of  same  size.  It  appears  that  within 
certain  limits  the  loudness  is  nearly  proportional  to  the  square  root  of  the 
height  from  which  the  pellet  falls,  and  not  to  the  height  itself.  It  thus 
appears  that  only  a  portion  of  the  energy  of  the  falling  body  is  expended  in 
producing  vibrations  of  the  plate. 

227.  Apparatus  to  strenrtlieii  soima. — The  apparatus  represented  in 
fig.  198  was  used  by  Savart  to  show  the  influence  of  boxes  in  strengthening 
sound.  It  consists  of  a  hemispherical  brass  vessel.  A,  which  is  set  in  vibra- 
tion by  means  of  a  violin  bow.  Near  it  there  is  a  hollow  cardboard  cylinder» 
H,  closed  at  the  further  end.  By  means  of  a  handle  this  cylinder  can  be  turned 
on  its  support,  so  as  to  be  inclined  at  any  given  degree  towards  the  vessel 
The  cylinder  is  fixed  on  a  slide,  C,  by  which  means  it  can  be  placed  at  any 


ftwn  A,  VVljen  ihe  vessel  is  made  to  vibrate,  the  strengthening  of 
die  sciiaicl  Is  ?cry  renmrkable.  But  the  sound  toscs  almosi  a]1  its  intensity  if 
lis  qriiiMler  b  turned 
it  becomes 
fiiclaallj'  weaker  when 
tiiecjUxidcT  is  removed  to 
A rnaier  tlistiincr,  shou- 
ld tliaf  tijc  strengthen- 
ii^  IS  doc  to  the  vi- 
oi  ihe  air  in  the 
cyisnec 

Tt«  cylinder  B  is 
■idc  to  ribnitc  m  unison 
wiA  the  btaks%  vci^^el  by 
^IQSltni;  it  to  a  certain 
^h,  ■rbich  IS  effected 
br  sukuig  one  pait  slide 
kli.'  thi.  uther. 

sUtes  that, 
,   .„.     >.-.4ires    of    the 
re^oftant   brass 
placed    to 
%ht  %'oiccs  of  the  nctorSi 
2tB*  tmBnmmom  of  tubes  on  tbe  trfttiAinUBloti    of  so  mid. — The   law 
a  ibe   mtcnsit)  of  sound  decreases  in  proportion   lo  the  square  of  the 
dt»e^  no<  *ipply  to  the  case  of  tubes,  especially  if  they  are  straight 


Fig.  1^8* 


ryliotiri 
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tl  1  hr  sound  waves  in  that  case  are  not  propagated  in  the 
ventrical  spheres^  and  sound  can  be  transmitted  to  a 
any  jjerceptible  altemtion,  Biot  found  that  in  one 
s,  1^040  yards  long,  the  voice  lost  so  little  of  its  inten- 
i»n  could  be  kept  up  at  rhe  ends  of  a  tube  in  a  ver>'  low 
The  weaken  rn>;  of  sound  becomes,  however,  perceptible  in  tubes  of 
cfi^^.irtrf  '»r  where  the  sides  arc  rough.  This  property  of  transmitting 
-,cd  in  England  for  speaJ^ing  tubes.  They  consist  of  caout- 
0;  ..,,...,  vubes  of  small  diameter  passing  from  one  room  to  another. 
if  a  person  ipeiiks  at  one  end  of  the  tube^  he  is  distinctly  heard  by  a  person 
Mil  btf  car  at  the  other  end. 

rmcn  Dim's  expcnments  it  is  evident  that  a  communication  might  be 
^nft  b-  *o  towns  by  means  of  speaking  tubes.    The  velocity  of 

mm/ix  t  in  A  second  at   t6''6  C,  so  that  a  distance  of  50  miles 

voipU  }  1  in  four  minutes. 

23^  tt'«  emperfments. — ^Theoretically,  a  sound-wave  should  be 

propaif..  lu  cylindrical  tube  with  a  constant  intensity.     Rcgnault 

indp  t  T  ?hese  circumstances  the  intensity  of  sound  gradually 

e,  and  that  the  distance  at  which  it  ceases  to  be 
Me  is  i>t  'Eial  to  the  diameter  of  the  tube. 

He  pmdticed  »ound'wa%'es  of  equal  strength  by  ntcans  of  a  small  pistol 
rgid  vidl  a  gianimc  of  powder,  and  tired  at  the  open  ends  of  tubes  of 
and  he  then  ascertained  the  distance  at  which  the  sound 
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could  no  longer  be  heard,  or  at  which  it  ceased  to  act  on  what  he  calls  a 
sensitive  tnembrane.  This  was  a  very  flexible  membrane  which  could  be 
Axed  across  the  tube  at  various  distances,  and  was  provided  with  a  smaU 
metal  disc  in  its  centre.  When  the  membrane  began  to  vibrate,  this  disc 
struck  against  a  metallic  contact,  and  thereby  closed  a  voltaic  circuit,  which 
traced  on  a  chronograph  the  exact  moment  at  which  the  membrane  received 
the  sound-wave. 

Experimenting  in  this  manner,  Regnault  found  that  the  report  of  a  pistol 
charged  as  stated  is  no  longer  audible  at  a  distance  of 

1,159  metres  in  a  tube  of o*»-io8  diameter. 

3,810        „  „  0-300        „ 

9»54o        „  „  i»ioo        „ 

The  sound-wave,  of  which  these  numbers  represent  the  limit  of  distance  at 
which  it  is  no  longer  heard,  still  acts  on  the  membrane  at  the  distances  ol 
4,156,  11,430,  and  19,851  metres  respectively. 

According  to  Regnault  the  principal  cause  of  this  diminution  of  intensity 
is  the  loss  of  vis  viva  against  the  sides  of  the  tube  :  he  found  also  that  sounds 
of  high  pitch  are  propagated  in  tubes  less  easily  than  those  of  low  ones ;  a 
bass  would  be  heard  at  a  greater  distance  than  a  treble  voice, 

230.  Veloolty  of  soimd  in  air. — Since  the  propagation  of  sound-waves 
is  gradual,  sound  requires  a  certain  time  for  its  transmission  from  one  place 
to  another,  as  is  seen  in  numerous  phenomena.  For  example,  the  sound 
of  thunder  is  only  heard  some  time  after  the  flash  of  lightning  has  been  seen, 
although  both  the  sound  and  the  light  are  produced  simultaneously  ;  and  in 
like  manner  we  see  a  mason  in  the  act  of  striking  a  stone  before  hearing  the 
sound. 

The  velocity  of  sound  in  air  has  often  been  the  subject  of  experimental 
determination.  The  most  accurate  of  the  direct  measurements  was  made 
by  Moll  and  Van  Beck  in  1823.  Two  hills,  near  Amsterdam,  Kooltjesbei]; 
and  Zevenboomen,  were  chosen  as  stations  :  their  distance  from  each  other 
as  determined  trigonometrically  was  57,971  feet,  or  nearly  eleven  miles. 
Cannons  were  fired  at  stated  intervals  simultaneously  at  each  station,  and  the 
time  which  elapsed  between  seeing  the  flash  and  hearing  the  sound  was 
noted  by  chronometers.  This  time  could  be  taken  as  that  which  the  sound 
required  to  travel  between  the  two  stations  ;  for  it  will  be  subsequently  seen 
that  light  takes  an  inappreciable  time  to  traverse  the  above  distance.  In- 
troducing corrections  for  the  barometric  pressure,  temperature,  and  h>'gTO- 
metric  slate,  and  eliminating  the  influence  of  the  wind,  Moll  and  Van  Beck's 
results  as  recalculated  by  Schroder  van  der  Kolk  give  109278  feet  as  the 
velocity  of  sound  in  one  second  in  dry  air  at  0°  C.  and  under  a  pressure  of 
760  mm.  Kendall,  in  a  North  Pole  expedition,  found  that  the  velocity  of 
sound  at  a  temperature  of  -40^  was  314  metres. 

The  velocity  of  sound  at  zero  may  be  taken  at  1,093  feet,  or  333  metres. 
This  velocity  increases  with  the  increase  of  temperature ;  it  may  be  calcu- 
lated for  a  temperature  /°  from  the  formula 

V  =  1093 \^  (i  +  0003665/} 

where  1093  >s  the  velocity  in  feet  at  0°  C,  and  0*003665  the  coefficient  of  ex- 
pansion for  1°  C.     This  amounts  to  an  increase  of  nearly  two  feet  for  every 


T '■.;=  '';ir.r:<>:,  b.()\vc\cr,  \)c  aclmiticd  a->  uni\ersall\-  uiie.  Marn.^lKiw,  b\'  a 
.''  .\::\  l:!'  .il  :n\o-iiL;ation  of  the  laws  of  iho  {)ropa;_;aii(»n  of  sound,  concluclt-s 
.:  :;-•.  •.  <:I<>city  of  a  sound  dependb  on  its  strength  ;  and,  accordingly,  that 
\  i^jlent  :sound  ought  to  be  propagated  with  greater  velocity  than  a  gentler 
it.  This  conclusion  is  confirmed  by  an  observation  made  by  Captain 
arry  on  his  Arctic  expedition.  During  artillery  practice  it  was  found,  by 
srsons  stationed  at  a  considerable  distance  from  the  guns,  that  the  report 
*  the  cannon  was  heard  before  the  command  to  fire  given  by  the  officer.  And 
ore  recently.  Mallet  made  a  series  of  experiments  on  the  velocity  with  which 
Hold  is  propagated  in  rocks,  by  obser\'ing  the  times  which  elapsed  before 
actings,  maide  at  Holyhead,  were  heard  at  a  distance.  He  found  that  the 
rgtr  the  charge  of  gunpowder,  and  therefore  the  louder  the  report,  the  more 
pid  was  the  transmission.  With  a  charge  of  2,000  pounds  of  gunpowder 
e  velocity  was  967  feet  in  a  second,  while  with  a  charge  of  12,000  it  was 
zio  feet  in  the  same  time. 

Jacques  made  a  series  of  experiments  by  firing  different  weights  of  pow- 
T  from  a  cannon,  and  obser\'ing  the  velocity  of  the  report  at  different 
maaces  from  the  gun  by  means  of  an  electrical  arrangement.  He  thus 
■ad  that,  nearest  the  gun,  the  velocity  is  least,  increasing  to  a  certain 
aadmum  which  is  considerably  greater  than  the  average  velocity.  The 
dodty  is  also  greater  with  the  heavier  charge.  Thus  with  a  charge  of 
t  pound  the  velocity  was  1187,  and  with  a  charge  of  ^  pound  it  was 
932  at  a  distance  of  from  30  to  50  feet ;  while  at  a  distance  of  70  to  80 
vat  1 267  and  1 120 ;  and  at  90  to  100  feet  it  was  1262  and  1 1 14  respectively. 

Bravais  and  Martins  found,  in  1844,  that  sound  travelled  with  the  same 
flocity  from  the  base  to  the  summit  of  the  Faulhom,  as  from  the  summit  to 
Ittbase. 

231.  <9ale«lation  of  tlie  Telooity  of  sound  in  raises. — From  theoretical 
cn»id^r:itinn<  X^wton  crave  .1  nile  for  cilculatinp"  the  velocitv  of  sound  in 
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pressure,  according  to  Boyle's  law,  the  density  increases  in  the  same  ratio. 
At  Quito,  where  the  mean  pressure  is  only  2 1  '8  inches,  the  velocity  is  the 
same  as  at  the  sea-level,  provided  the  temperature  is  the  same. 

Now  the  measure  of  the  elasticity  of  a  gas  is  the  pressure  to  which  it  is 
subjected  ;  hence,  if  ^  be  the  force  of  gravity,  h  the  barometric  height 
reduced  to  the  temperature  zero,  and  d  the  density  of  mercury,  also  at  zero, 
then  for  a  gas  under  the  ordinary  atmospheric  pressure  and  for  zero,^  -^^d : 
Newton's  formula  accordingly  becomes 


V4* 


Now,  if  we  suppose  the  temperature  of  a  gas  to  increase  from  0°  to  / ',  its 
volume  will  increase  from  unity,  at  zero,  to  i  +  a/  at  /,  a  being  the  coefficient 
of  expansion  of  the  gas.  But  the  density  varies  inversely  as  the  volume^ 
therefore  d  becomes  ^/-r-  (i  +  at).     Hence 


V'^^\i*ai) 


Substituting  in  this  formula  the  values  in  centimetres  and  grammes, 
^  «98i,  h  -76,  ^/  « 0*001293,  we  get  for  the  value  7'  a  number  29,795  centi- 
metres-297*95  metres,  which  is  considerably  less  than  the  experimental 
result  Laplace  assigned  as  a  reason  for  this  discrepancy  the  heat  produced 
by  pressure  in  the  condensed  waves  ;  and,  by  considerations  based  on  this 
idea,  Poisson  and  Biot  found  that  Nemon's  formula  ought  to  be  written 

«/-  \/^  ('  ■•■''^)  -/  j  ^  being  the  specific  heat  of  the  gas  for  a  constant 

pressure,  and  c'  its  specific  heat  for  a  constant  volume  (460).  The  average 
value  of  this  constant  is  1*4,  and  if  the  formula  be  modified  by  the  introduc- 
tion of  the  value  v^  i  '4  the  calculated  numbers  agree  with  the  experimentJil 
results. 

The  physical  reason  for  introducing  the  constant  a /^  into  the  equation 

for  the  velocity  of  sound  may  be  understood  from  the  following  considera> 
tions  : — We  have  already  seen  (225)  thai  sound  is  propagated  in  air  by  a 
series  of  alternate  condensations  and  rarefactions  of  the  layers.  At  each 
condensation  heat  is  evolved,  and  this  heat  increases  the  elasticity,  and  thus 
the  rapidity  with  which  each  condensed  layer  acts  on  tho  next  ;  but  in  the 
rarefaction  of  each  layer  the  same  amount  of  heat  disappears  as  was  deve- 
loped by  the  condensation,  and  its  elasticity  is  diminished  by  the  cooling. 
The  effect  of  this  diminished  elasticity  of  the  cooled  layer  is  the  >amc  as  if 
the  elasticity  of  an  adjac  cnt  wave  had  been  increased,  and  the  rapidity  with 
which  this  latter  would  expand  upon  the  dilated  wave  would  l>e  ;4reater. 
Thus,  while  the  averajje  temperature  of  the  air  is  unaltered,  both  the  heating' 
which  increases  the  elasticity,  and  the  chilling  which  diminishes  it,  concur^ 
in  increasing;  the  velocity. 

Knowinj:  the  velocity  of  S(Hmd,  we  can  calculate  approximately  the  dis- 
tance at  which   it  is  produced.     Light  travels  with    such  velocity  that  th^fc 
flash  or  the  smoke  accompanying  the  report  of  a  gun  may  be  considered  to^ 
be  seen  simultaneously  with  the  explosion.     Counting  then  the  number  o^E 
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seconds  which  elapse  between  seeing  the  flash  and  hearing  the  sounds 
and  multiplying  this  number  by  1125,  we  get  the  distance  in  feet  at  which 
the  gun  is  discharged.  In  the  same  way  the  distance  of  thunder  may  be 
estimated. 

232.  ▼eloetty  of  soiiBd  in  Tarloiis  rases. — Approximately  the  same 
results  have'_been  obtained  for  the  velocity  of  sound  in  air  by  another  method, 
by  which  the  velocity  in  other  gases  could  be  determined.  As  the  wave- 
length X  is  the  distance  which  sound  travels  during  the  time  of  one  oscillation, 

that   is,    -  of  a  second,  the  velocity  of  sound  or  the  distance  traversed  in  a 
n 

lecond  is  7' « tik.     Now  the  length  of  an  open  pipe   is  half  the  wave-length 

«  :he  fundamental  note  of  that  pipe  ;  and  that  of  a  closed  pipe  is  a  quarter 

«  :he  wave-length  (275).     Hence,  if  we  know  the  number  of  vibrations  of 

ibe  note  emitted  by  any  particular  pipe,  which  can  be  easily  ascertained  by 

ocans  of  a  syren,  and  we  know  the  length  of  this  pipe,  we  can  calculate  v, 

Takin;^  the  temperature  into  account,  Wertheim  found  in  this  way  1,086  feet 

frr  The  \  elocity  of  sound  in  air  at  zero. 

Further,  since  in  different  gases  which  have  the  same  elasticity,  but  differ 

3Ctn<ity,  the  velocity  of  sound  varies  inversely  as  the  square  root  of  the 

ct.-T:-y.  knowing;  the  velocity  of  sound  in  air,  we  may  calculate  it  for  other 

^kaci  :  thua  in  hydrogen  it  will  be 

J093 

>/ 00688 


=  4168  feet. 


T'.is  number  cannot  be  universally  accurate,  for  the  co-efficient  -^  differs 

c 
>r.*:*:;i:  in  different  gases.     And  when  pipes  wore  sounded  with  different 
r*.«rr..  and  the  number  of  vibrations  of  thir  notes  nniliiplicd  with  twice  the 
*^:*h  of  the  pil>e,  numbers  were  obtained  which  differed  from  those  cal- 
'"-^'rid  by  the  above   formula.     When,  however,  the  calculation  was  made 

*::  '.-  :r.^'  for  each  gas  its  special  value  of  ^-^^  the  theoretical  results  agreed 

c 

'^    .f:!l  with  the  observed  ones. 

':.\  :"-.•.•  a^X)ve  method  the  following  values  have  been  obtained  : — 

',""■.;  -rine  .         .         .         .         .         .         .         677  feet  in  a  second. 

'-;ir -i-nic  acid         .         .         .         .         .         .         856  ,, 

^i'\;.*:Vi  .......        1040 

;•• io(/3 

'ar'v.r.'*'  r>\i(ic       ......        I  ic6  ,, 

^■:-''^'^^ 4163 

- •>  Aopptor^s  piinelple. — When  a  sounding'  body  approaches  the  ear, 

-•-c  ;/tr.:eived  is  somewhat  higher  than  the  true  one  ;  but  if  the  source 

^'-■.C  recedes  from  the  ear,  the  tone  perrtived  is  lower.     The  truth  of 

^^*'-  'his  known  as  Dopplcrs  principle,  will  be  apparent  from  the  follow- 

•  '-i'lvritions  : — When  the  source  of  sound  and  the  ear  are  at  rest,  the 

^'>:*'f;.»s  n  waves  in  a  second  ;  but  if  the  car  approaches  the  sound,  or 

*  "-'i  ipprrvaches  the  ear,  it  jKTceives  more  ;  just  as  a  ship  meets  more 

•**'^-  *i:«  it  ploughs  through  them  than  if  it  is  at  rest.  Converbcly,  the  ear 

-  *>■  a  'mailer  number  when  it  recedes  from  the  source  of  sound.     'V\\ii 
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effect  in  the  first  case  is  as  if  the  sounding  body  emitted  more  vibrations  in 
a  second  than  it  really  does,  and  in  the  second  case  fewer.  Hence  in  the 
first  case  the  note  appears  higher  ;  in  the  second  case  lower. 

If  the  distance  which  the  ear  traverses  in  a  second  towards  the  source  of 
sound  (supposed  to  be  stationary)  is  s  feet,  and  the  wave-length  of  the  par> 

ticular  tone  is  X  feet,  then  there  are  ^  waves  in  a  second  ;   or  also  ^,  for 

^  -  -^  where  c  is  the  velocity  of  sound  (230).     Hence  the  ear  receives  not 
ft 

only  the  n  original  waves,  but  also  ^  in  addition.    Therefore  the  number 

of  vibrations  which  the  ear  actually  perceives  is 

for  an  ear  which  approaches  a  tone  ;  and  by  similar  reasoning  it  is 
«'.«-^-«(i-  f) 

for  an  ear  receding  from  a  tone. 

To  test  Doppler's  theory  Buys  Ballot  stationed  trumpeters  on  the  Utrecht 
railways  and  also  upon  locomotives,  and  had  the  height  of  the  approaching 
or  receding  tones  compared  with  stationary  ones  by  musicians.  He  thus 
found  both  the  principle  and  the  formula  fully  confirmed.  Similar  conclu- 
sive experiments  were  made  by  Scott  Russell  on  English  railways.  The 
observation  may  often  be  made  as  a  fast  train  passes  a  station  in  which 
an  electrical  alarum  is  sounding.  Independently  of  the  difference  in  loud- 
ness, an  attentive  ear  can  detect  a  difference  in  pitch  on  approaching  or  00 
leaving  the  station.  A  speed  of  about  40  miles  an  hour  sharpens  the  note 
of  the  whistle  of  an  approaching  train  by  a  semitone,  and  flattens  it  to  that 
extent  as  the  train  recedes. 

Doppler's  principle  may  also  be  established  by  direct  laboratory'  ex- 
periments. Rollmann  fixed  a  long  rod  on  a  turning  machine,  at  the  end 
of  which  was  a  large  glass  bulb  with  a  slit  in  it,  which  sounded  like  a 
humming-top  when  a  tangential  current  of  air  was  blown  against  the  slit 
The  uniform  and  sufficiently  rapid  rotation  of  the  sphere  developed  such 
a  current  and  produced  a  steady  note,  the  pitch  of  which  was  higher  or 
lower  in  each  rotation  according  as  the  bulb  came  nearer,  or  receded  from, 
the  observer. 

234.  Velocity  of  sound  in  liqnids. — The  velocity  of  sound  in  >»-ater 
was  investigated  in  1827  by  CoUadon  and  Sturm.  They  moored  two  boats 
at  a  known  distance  in  the  Lake  of  Geneva.  The  first  supported  a  bell 
immersed  in  water,  and  a  bent  lever  provided  at  one  end  with  a  hammer 
which  struck  the  bell,  and  at  the  other  with  a  lighted  wick,  so  arranged  that 
it  ignited  some  powder  the  moment  the  hammer  struck  the  bell.  To  the 
second  boat  was  affixed  an  ear-trumpet,  the  bell  of  which  was  in  watei^ 
while  the  mouth  was  applied  to  the  ear  of  the  obser>'er,  so  that  he  could 
measure  the  time  between  the  tlash  of  light  and  the  arrival  of  sound  by  the 
water.  By  this  method  the  velocity  was  found  to  be  4,708  feet  in  a  second 
at  the  temperature  8''*i,  or  four  times  as  great  as  in  air. 
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The  velocity  of  sound,  which  is  different  in  different  liquids,  can  be  cal- 
culated by  a  formula  analogous  to  that  given  above  (230)  as  applicable  to 


fga 


^ses,  that  is  v-  \/^ '  ^°  which  ^,j*,  and  h  have  their  previous  signi- 
ficance ;  while  ft  is  the  coefficient  of  the  compressibility  for  the  liquid  in 
^loestion — ^that  is,  its  diminution  in  volume  by  a  pressure  of  one  atmosphere 
—and  d  is  the  density.  In  this  way  were  obtained  the  numbers  given  in  the 
following  table.  As  in  the  case  of  gases,  the  velocity  varies  with  the  tem- 
perature, which  is  therefore  appended  in  each  case. 

Ri\-er  water  (Seine) 


.\rtificial  sea-water . 
Solution  of  common  salt . 

„          chloride  of  calcium 
Absolute  alcohol     . 
Turpentine      .... 
Ether 


13°  c 

.  -  4714  fc< 

et  m  a 

30 

-  5013 

)f 

20 

-  4761 

» 

18 

-  5132 

fi 

23 

-  6493 

» 

23 

-  3854 

» 

24 

-  3976 

n 

-  3801 

>» 

It  will  be  seen  how  close  is  the  agreement  between  the  two  values  for 
:r.c  velocity  of  sound  in  water,  the  only  case  in  which  they  have  been 
erectly  compared.  There  is  considerable  uncertainty  about  the  values  for 
other  liquids,  owing  to  the  doubt  as  to  the  values  for  their  compressibility. 

235.  ▼aloctty  of  sound  in  solids. — As  a  general  rule,  the  elasticity  of 
—'.ids,  as  compared  with  the  density,  is  greater  than  that  of  liquids,  and 
•-Tnsequently  the  propagation  of  sound  is  more  rapid. 

The  difference  is  well  seen  in  an  experiment  by  Biot,  who  found  that  when 
2  :*I1  was  struck  by  a  hammer,  at  one  end  of  an  iron  lube  3,120  feet  long, 
r-o  sounds  were  distinctly  heard  at  the  other  end.  The  first  of  these  was 
rrir.an^.iited  by  the  tube  itself  with  a  velocity  x\  and  the  second  by  the  en- 
'i'^'Scd  air  with  a  known  velocity  a.  The  interval  between  the  sounds  was 
z  5  seconds.     The  value  of  x  obtained  from  the  equation 

3I20_3I20^2.r 

ax 

ih-vs  that  the  velocity  of  sound  in  the  tube  is  nearly  9  times  as  great  as 
tr.a!  in  air. 

n;;it  the  report  of  the  firing  of  cannon  is  heard  at  far  greater  distances 
•r.ar.  peals  of  thunder,  is  doubtless  owing  to  the  fact  that  the  sound  in  the 
former  ca»c  is  mainly  transmitted  through  the  earth. 

T'»  this  class  of  phenomena  belongs  the  fact  that  if  the  ear  is  held  against 

r-Kk  in  which  a  blasting  is  being  made  at  a  distance,  two  distinct  reports 

a-t  heard  —one  transmitted  through  the  rock  to  the  car,  and  the  other  trans- 

nht^d  through  the  air.     The  conductivity  of  sound  in  solids  is  also  well 

-iis-ratcd  by  the  fact  that  in  manufacturing  telegraph  wires  the  filing  at  any 

far.cu-ar  part  can  be  heard  at  distances  of  miles  by  placing  one  end  of  the 

*  :t  :n  the  tar.     The  toy  telephone  also  is  based  on  this  fact. 

The  velocity  of  sound  in  wires  has  also  been  determined  theoretically 

M"  ^'Vtnhcim  and  others,  by  the  formula  v  =  a/-^  in  which  /x  is  the  modulus 
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of  elasticity  (89),  while  d  is  the  mass  in  unit  volume,  which  is  equal  to  the 
specific  gravity,  or  the  weight  of  unit  volume  divided  by  the  acceleration  of 

gravity,  or    . 

This  may  be  illustrated  from  a  determination  by  Wertheim  of  the  velocity 
of  sound  in  a  specimen  of  annealed  steel  wire,  the  specific  gravity  s  of  which 
was  7-631  and  its  modulus  21,000  (88).  That  is,  a  weight  of  21,000  kilo- 
grammes would  double  the  unit  length  of  a  wire  i  sq.  mm.  in  cross  section,  if 
this  were  possible  without  exceeding  the  limit  of  elasticity.  This  is  equal  to 
2,100,000,000,  or  21  X  IO-8,  grammes  on  a  wire  i  sq.  cm.  in  cross  section. 
Hence 

/2  1 00000000  X  081  ^,«^Q.    ^ ,^^,m   c^^*^ 

2/-  ^ --g- ^ 519581  cm. -  17047  feet 

The  following  table  gives  the  velocity  in  various  bodies,  expressed  in  feet 
per  second  : — 

Caoutchouc     . 
Tallow    . 
Wax 
Lead 
Gold       . 
Silver     . 
Pine 
Copper  . 

In  the  case  of  wood  these  velocities  are  in  the  directions  of  the  fibres^ 
and  are  considerably  greater  than  across  the  rings  or  along  the  rings  ;  thus 
with  fir  the  velocities  arc  4382  and  2572  for  these  directions  respectively. 

Mallet  investigated  the  velocity  of  the  transmission  of  sound  in  various 
rocks,  and  found  that  it  is  as  follows  : — 

Wet  sand 825  feet  in  a  second. 

Contorted,  stratified  quartz  and  slate  rock     .  1088  „ 

Discontinuous  granite 1306  „ 

Solid  granite 1664  „ 

A  direct  experimental  method  of  determining  the  velocity  of  sound  in 
solids,  gases,  and  vapours  will  be  described  subsequently  (277). 

If  a  medium  through  which  sound  passes  is  heterogeneous,  the  waves  of 
sound  arc  reflected  on  the  different  surfaces,  and  the  sound  becomes  rapidly 
enfeebled.  Thus  a  soft  earth  conducts  sound  badly,  while  a  hard  grotuid 
which  forms  a  compact  mass  conducts  it  well.  So  also  we  hear  badly 
through  air  spaces  which  are  filled  with  porous  materials,  such  as  shavings^ 
sawdust,  cinders,  and  the  like. 

236.  mefleotion  of  sound.— So  long  as  sound-waves  are  not  obstructed 
in  their  motion  they  are  propagated  in  the  form  of  concentric  spheres  ;  bat 
when  they  meet  with  an  obstacle,  they  follow  the  general  law  of  elastic 
bodies  ;  that  is,  they  return  upon  themselves,  forming  new  concentric  ^•a\"cs, 
which  seem  to  emanate  from  a  second  centre  on  the  other  side  of  the  obstacle. 
This  phenomenon  constitutes  the  reflection  of  sound. 

Fi;r.  199  represents  a  series  of  incident  waves  reflected  from  an  obstacle 
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Oak    . 

12622 

1 170 

Elm    . 

I35»6 

28II 

Walnut 

15095 

.     4030 

Fir      .         .         . 

.     15218 

.    5717 

Ash     . 

.     15314 

.    8553 

Steel  wire   . 

15470 

10900 

Cedar. 

16503 

.   II666 

Iron    .        .         .        . 

16822 

-237]  Echoes  and  Resonances,  205 

PQ.  Taking,  for  example,  the  incident  wave  MCDN,  emitted  from  the 
centre  A,  the  corresponding  reflected  wave  is  represented  by  the  arc,  CKD, 
of  a  circle  whose  centre  a  is  as  far  behind  the  obstacle  PQ  as  A  is  before  it. 
If  any  point,  C,  of  the  reflecting  surface  be  joined  to  the  centre  of  sound, 
and  if  the  perpendicular  CH  be  let  fall  on  the  surface  of  this  body,  the  angle 
ACH  is  called  the  angle  of  incidence^  and  the  angle  BCH,  formed  by  the 
prolongation  of  aC,  is  the  angle  of  reflection. 


Fig.  199. 

rhe  reflection  of  sound  is  subject  to  the  two  following  laws  : — 

I.  T^ke  angle  of  reflection  is  equal  to  the  angle  of  incidence. 

I I .  The  incident  sonorous  ray  and  the  reflected  ray  are  in  the  same  plane 
t-f^f-ndJcular  to  the  reflecting  surface. 

F  rom  these  laws  it  follows  that  the  wave  which  in  the  figure  is  propa- 
^rtrfi  in  the  direction  AC,  takes  the  direction  CB  after  reflection,  so  that  an 
'.■'»~«rrvcr  placed  at  H  hears  a  second  sound,  which  appears  to  come  from  C, 
-je>  des  the  sound  proceeding  from  the  point  A. 

The  laws  of  the  reflection  of  sound  are  the  same  as  those  for  light  and 
taC  in:  heat,  and  may  be  demonstrated  by  similar  experiments.  One  of  the 
<:rr.p'e«.t  of  these  is  made  with  conjugate  mirrors  (see  chapter  on  Radiant 
H'rat  ;  if  in  the  focus  of  one  of  these  mirrors  a  watch  is  placed,  the  ear 
sji^eri  in  the  focus  of  the  second  mirror  hears  the  ticking  very  distinctly 
-r-cn  when  the  mirrors  are  at  a  distance  of  12  or  13  yards. 

237.  aelM>os  and  resonances. — An  echo  is  the  repetition  of  a  sound  in 
zr^  air.  caused  by  its  reflection  from  some  obstacle. 

A  vcr>'  sharp  quick  sound  can  produce  an  echo  when  the  reflecting 
iurface  is  55  feet  distant ;  but  for  articulate  sounds  at  least  double  that 
distance  is  necessary,  for  it  may  be  easily  shown  that  no  one  can  pronounce 
or  bear  distinctly  more  than  five  syllables  in  a  second.  Now,  as  the  velo- 
city of  sound  at  ordinary  temperatures  may  be  taken  at  1 125  feet  in  a  second, 
in  a  fifth  of  that  time  sound  would  travel  225  feet.  If  the  reflecting  surface 
is  1 12-5  feet  distant,  in  going  and  returning  sound  would  travel  through  225 
feer.  The  time  which  elapses  between  the  articulated  and  the  reflected 
vj*ind  would,  therefore,  be  a  fifth  of  a  second,  the  two  sounds  would  not 
astcrfere,   and  the  reflected  sound  would  be  distinctly  heard.     A  person 
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speaking  with  a  loud  voice  in  front  of  a  reflector,  at  a  distance  of  1 12*5  fcet^ 
can  only  distinguish  the  last  reflected  syllable  :  such  an  echo  is  said  to  be 
monosyllabic.  If  the  reflector  were  at  a  distance  of  two  or  three  times  1 12-5 
feet,  the  echo  would  be  dissyllabic^  trisyllabic^  and  so  on. 

When  the  distance  of  the  reflecting  suriface  is  less  than  112-5  ^'^©^  the 
direct  and  the  reflected  sound  are  confounded.  They  cannot  be  heard 
separately,  but  the  sound  is  strengthened.  This  is  what  is  often  called 
resonance^  and  is  frequently  observed  in  large  rooms.  Bare  walls  are  vcr>' 
resonant ;  but  tapestry  and  hangings,  which  are  bad  reflectors,  deaden 
the  sound.  To  diminish  or  eliminate  the  eflects  of  resonance  is  a  difficult 
problem  in  the  acoustics  of  the  building  art. 

Multiple  echoes  are  those  which  repeat  the  same  sound  several  times  : 
this  is  the  case  when  two  opposite  surfaces  (for  example,  two  parallel  walls) 
successively  reflect  sound.  There  are  echoes  which  repeat  the  same  sound 
20  or  30  times.  An  echo  in  the  chllteau  of  Simonetta,  in  Italy,  repeats  a 
sound  30  times.  At  Woodstock  there  is  one  which  repeats  from  17  to  2a 
syllables. 

As  the  laws  of  reflection  of  sound  are  the  same  as  those  of  light  and 
heat,  curved  surfaces  produce  acoustic  foci  like  the  luminous  and  calorific 
foci  produced  by  concave  reflectors.  If  a  person  standing  under  the  arch  of 
a  bridge  speaks  with  his  face  turned  towards  one  of  the  piers,  the  sound  is 
reproduced  near  the  other  pier  with  such  distinctness  that  a  conversation 
can  be  kept  up  in  a  low  tone,  which  is  not  heard  by  anyone  standing  in  the 
intermediate  spaces. 

There  is  a  square  room  with  an  elliptical  ceiling,  on  the  ground  floor  of 
the  Conservatoire  des  Arts  et  Metiers,  in  Paris,  which  presents  this  pheno- 
menon in  a  remarkable  degree  when  persons  stand  in  the  two  foci  of  the 
ellipse. 

Whispering  galleries  are  formed  of  smooth  walls  having  a  continuous 
curved  form.  The  mouth  of  the  speaker  is  presented  at  one  point,  and 
the  ear  of  the  hearer  at  another  and  distant  point  In  this  case,  the 
sound  is  successively  reflected  from  one  point  to  the  other  until  it  reaches 
the  ear. 

In  the  whispering  gallery  of  St.  Paul's,  the  faintest  sound  is  thus  conveyed 
from  one  side  to  the  other  of  the  dome,  but  it  is  not  heard  at  any  intermediate 
points.  Placing  himself  close  to  the  upper  wall  of  the  Colosseum,  a  circular 
building  1 30  feet  in  diameter,  Wheatstone  found  a  word  to  be  repeated  a 
great  many  time§.  A  single  exclamation  sounded  like  a  peal  of  laughter, 
while  the  tearing  of  a  piece  of  paper  resembled  the  patter  of  haiL 

It  is  not  merely  by  solid  surfaces,  such  as  walls,  rocks,  ships*  sails,  &c^ 
that  sound  is  reflected.  It  is  also  reflected  by  clouds,  and  it  has  even  been 
shown  by  direct  experiment  that  a  sound  in  passing  from  a  gas  of  one  density 
into  another  is  reflected  at  the  surface  of  sep<iration  as  it  would  be  against 
a  solid  surface.  Now  different  parts  of  the  earth's  surface  are  unequally 
heated  by  the  sun,  owing  to  the  shadows  of  trees,  evaporation  of  water,  and 
other  causes,  so  that  in  the  atmosphere  there  are  numerous  ascending  and 
descending  currents  of  air  of  different  density.  Whenever  a  sound-wave 
passes  from  a  medium  of  one  density  into  another  it  undergoes  partial  retlec- 
tion,  which,  though  not  strong  enough  to  form  an  echo,  distinctly  weakens 


-MS]  Refraction  of  Sound,  207 

the  direct  sound.  This  is  doubtless  the  reason,  as  Humboldt  remarked,  why 
sound  tia\'e]s  further  at  night  than  at  daytime,  even  in  the  South  American 
forests,  where  the  animals,  which  are  silent  by  day,  fill  the  atmosphere  at 
night  with  thousands  of  confused  sounds.  To  this  may  be  added  that  at 
night  and  in  repose,  when  other  senses  are  at  rest,  that  of  hearing 
becomes  more  acute.  This  is  the  case  with  persons  who  have  become 
blind. 

It  has  generally  been  considered  that  fog  in  the  atmosphere  is  a  great 
deadener  of  sound  ;  it  being  a  mixture  of  air  and  globules  of  water,  at  each 
of  the  innumerable  surfaces  of  contact  a  portion  of  the  vibration  is  lost. 
The  c\'idence  as  to  the  influence  of  this  property  is  conflicting  ;  recent  re- 
searches of  Tyndall  show  that  a  white  fog,  or  snow,  or  hail,  are  not  important 
obstacles  to  the  transmission  of  sound,  but  that  aqueous  vapour  is.  Expe- 
riments made  on  a  large  scale,  in  order  to  ascertain  the  best  form  of  fog 
signals,  gave  some  remarkable  results. 

On  some  days  which  optically  were  quite  clear,  certain  sounds  could  not 
be  heard  at  a  distance  far  inferior  to  that  at  which  they  could  be  heard  even 
during  a  thick  haze.  Tyndall  ascribes  this  result  to  the  presence  in  the 
Ionosphere  of  aqueous  vapour,  which  forms  in  the  air  innumerable  striae 
tLat  do  not  interfere  with  its  optical  clearness,  but  render  it  acoustically 
•-- .id,  the  sound  being  reflected  by  this  invisible  vapour  just  as  light  is  by 
v.-t  v-i'blc  cloud. 

These  conclusions  first  drawn  from  observations  have  been  verified  by 

i  ••r;i!or>-  experiments.     T>Tidall  has  shown  that  a  medium  consisting  of 

i.^sm.ite    layers   of  light   and   heavy   gas,   such   as   coal   gas   and   carbon 

:  -i'-ie.  deadens  sound,  and  also  that  a  medium  consisting  of  alternate  strata 

*  >ertted  and  ordinary  air  exerts  a  similar  influence.     The  same  is  the  case 

•  *"-.  an  atmosphere  containing  the  vapours  of  volatile  liquids.     So  long  as 

--  I'jr.tinuity  of  air  is  preserved,  sound  has  great  power  of  passing  through 

*.  -:  intersticcb  of  solids  ;  thus  it  will  pass  through  twelve  folds  of  a  dr>'  silk 

.r.  ;kf  rrhief,  but  is  stopped  by  a  single  layer  if  it  is  wetted. 

z-'"-  »«IHictton  of  •onnd. —  It  will  be  found  in  the  sequel  \};\?X  refract  ion 
-  tht  '  hangc  of  direction  which  light  and  heat  experience  on  passing  from 
r*  nif.-'Hum  to  another.  It  has  been  shown  by  Hajech  that  the  laws  of  the 
-••:-.£'.tion  of  sound  are  the  same  as  those  for  light  and  heat :  he  used  tubes 
■'..  •  i  v.'iih  various  gases  and  liquids,  and  closed  by  membranes  ;  the  mem- 
-.-  :r..:-  :t!  one  end  was  at  right  angles  to  the  axis  of  the  tube,  while  the  other 
'.   .  -'.  :tn  angle  with  iL     When  these  tubes  were  placed  in  an  aperture  in  the 

!  ^j^tween  two  rooms,  a  sound  produced  in  front  of  the  tube  m  one  room, 
-.-  •  of  a  tuning-fork  for  instance,  was  heard  in  directions  in  the  other  var>- 
'.:  -.vith  the  nature  of  the  substance  with  which  the  tube  was  filled.  Accu- 
-4*e  in^asuremcnts  showed  that  the  law  held  that  the  sines  of  the  angle  of 
-r.  idcnce  and  of  refraction  are  in  a  constant  ratio,  which  is  equal  to  the  ratio 
'  •  -':2c  velocity  of  sound  in  the  two  media. 

Sondhauss  has  confirmed  the  analogy'  of  the  refraction  of  sound-waves 
•'.  tho^eof  light  and  heat.  He  constructed  lenses  of  gas  by  cutting  equal 
->- >:n:*^  Tits  out  of  a  large  collodion  balloon,  and  fastening  them  on  the  two 
-.'ie-  -'f  a  jheetiron  ring  a  foot  in  diameter,  so  as  to  form  a  double  convex 
•:-.-:  aVjut  4  inches  thick  in  the  centre.     This  was  filled  with  carbonic  acid. 


..,««'\-  •'■  ,,;  -.W  -^^^  ■■,„  :\.:  ^ ■..  e  -  -•"• 
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acts  by  allowing  a  large  mass  of  air  to  be  set  in  consonant  vibration  before 
it  begins  to  be  diffiised. 

The  ear  trumpet  is  used  by  persons  who  are  hard  of  hearing.  It  is 
essentially  an  inverted  speaking  trumpet,  and  consists  of  a  conical  metallic 
tabe^  one  of  whose  extremities,  terminating  in  a  belly  receives  the  sound,  while 
the  other  end  is  introduced  into  the  ear.  This  instrument  is  the  reverse  of 
the  speaking  trumpet  The  bell  serves  as  a  mouthpiece  ;  that  is,  it  receives 
the  sound  coming  from  the  mouth  of  the  person  who  speaks.  These  sounds 
are  transmitted  by  a  series  of  reflections  to  the  interior  of  the  trumpet,  so 
diat  the  waves,  which  would  become  greatly  diffused,  are  concentrated  on 
the  ear,  and  produce  a  far  greater  effect  than  divergent  waves  would  have 
done. 

240U  — tli>—tf»e« — One  of  the  most  useful  applications  of  acoustical 
principles  is  the  stethoscope.  Figs.  201,  202,  represent  an  improved  form  of 
tins  instrument  devised  by  Konig.  Two  sheets  of  caoutchouc,  c  and  a^  are 
fixed  to  the  circular  edge  of  a  hollow,  metal  hemisphere  ;  the  edge  is  provided 
with  a  stopcock,  so  that  the  sheets  can  be  inflated,  and  then  present  the  ap- 
pearance of  a  double  convex  lens,  as  represented  in  section  in  fig.  201.    To 
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Fig.  20a. 


X  :-Vjlure  on  the  hemisphere  is  fixed  a  caoutchouc  tube  terminated  by  horn 
r  .-^-.rv-.  ^,  which  is  placed  in  the  ear  (fig.  202). 

'A'hen  the  membrane  c  of  the  stethoscope  is  applied  to  the  chest  of  a  sick 
^e-^-^n  the  beating  of  the  heart  and  the  sounds  of  respiration  are  transmitted 
:  'isc  air  in  the  chamber  a^  and  from  thence  to  the  ear  by  means  of  the 
'•t:  Vie  tube.  If  several  tubes  are  fixed  to  the  instrument,  as  many  observers 
civ  simultaneously  auscultate  the  same  patient. 
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CHAPTER   II. 
MEASUREMENT  OF  THE  NUMBER  OF  VIBRATIONS. 

241.  SaTftrt's  appaimtns. — Savart's  toothed  wheels  so  called  fix>m  the 
name  of  its  inventor,  is  an  apparatus  by  which  the  absolute  number  of  vibra- 
tions corresponding  to  a  given  note  can  be  determined.  It  consists  of  a 
solid  oak  frame  in  which  there  are  two  wheels,  A  and  B  (fig.  203) ;  the  larger 
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wheel,  A,  is  connected  with  the  toothed  wheel  by  means  of  a  strap  and  a 
multiplying  wheel,  thereby  causing  the  toothed  wheel  to  revolve  with  grett 
velocity ;  a  card,  £,  is  fixed  on  the  frame,  and,  in  revolving,  the  toothed 
wheel  strikes  against  it,  and  causes  it  to  vibrate.  The  card  being  struck  bf 
each  tooth,  makes  as  many  vibrations  as  there  are  teeth.  At  the  side  of  the 
apparatus  there  is  an  indicator,  H,  which  gives  the  number  of  revolutions  of 
the  wheel,  and  consequently  the  number  of  vibrations  in  a  given  time. 

When  the  wheel  is  moved  slowly,  the  separate  shocks  against  the  c«A 
are  distinctly  heard  ;  but  if  the  velocity  is  gradually  increased,  the 
becomes  higher  and  higher.     Having  obtained  the  sound  whose  number  < 
vibrations  is  to  be  determined,  the  revolution  of  the  wheel  is  continued  wk 
the  same  velocity  for  a  certain  number  of  seconds.     The  number  of  turns  i 
the  toothed  wheel  H  is  then  read  off  on  the  indicator,  and  this  multip 
by  the  number  of  teeth  in  the  wheel  gives  the  total  number  of  >-ibr 
Dividing  this  by  the  oorresjK>nding  number  of  seconds,  the  quotient 
the  number  of  \ibraiions  [kt  >ccond  for  the  j^iven  sound. 

242.  •yren.— The  syren   is  an  apparatus  which,  like   Savart's  «facd»   «•• 
used  to  measure  the  number  \^\  \  ibrations  of  a  body  in  a  pven  time. 
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ome  *  syren  *  was  given  to  it  by  its  inventor,  Ca^iard  Latour,  because  it 
fidcb  SQunds  tmdcr  water. 

It  is  made  entirely  of  brass.  Fig.  204  represents  it  fixed  on  the  table  of 
•  beUowiv  ^  which  a  continuous  current  of  atr  can  he  sent  through  it.  Figs. 
105  aad  ao6  show  the  internal  details.  The  lo\^^r  part  consists  of  a  cylin- 
dtioil  bo9C,  O,  closed  by  a  fixed  plate,  B.  On  this  plate  a  vertical  rod,  T,  rests, 
HwUcb  is  fixed  a  disc,  A,  rooving  with  the  rod.  In  the  plate  B  there  are 
a|ttdjstaiit  circular  holes,  and  in  the  disc  A  are  an  equal  number  of  holes  of 
siie,  and  the  same  distance  from  the  centre  as  those  of  the  plate, 
boles  are  not  perpendicular  to  the  disc ;  they  are  all  inclined  10  the 
►  extent  in  the  same  direction  m  the  plate,  and  arc  inclined  to  the  same 
Ifl  the  opposite  direction  in  the  disc,  so  that  when  they  are  opposite 
dier  ihey  have  the  appearance  represented  in  mn^  fig,  205.  Conse- 
^,  wben  a  current  of  air  from  the  bellows  reaches  the  hole,  m^  it  strikes 
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ifMJy  against  the  sides  of  the  hole  iv,  and  imparts  to  the  disc  A  a  rotatory 
■m  io  the  direction  nA. 

For  the  take  of  simplicity,  let  us  first  suppose  that  in  the  movable  disc 
Atene  are  eighteen  boles,  and  in  the  fixed  plate  B  only  one,  which  faces 
^  iit  if  tSie  upper  holes.    The  wind  from  the  bellows  striking  against  the 
( of  Uie  lAtter,  the  movable  disc  begins  to  rotate,  and  the  space  between 
I cotnectitive  holes  closes  the  hole  in  the  lower  plate.     But  as  the 
teae%  to  turn  from  its  acquired  velocity,  two  holes  are  again  opposite 
er^  a  new  impulse  is   produced,  and  so  on.     During  a  complete 
t  ol  the  dbc  the  lower  hole  is  eighteen  times  open  and  eighteen 
dbwd.    A  series  of  eiHuxes  and  stoppages  is  thus  produced,  which 
Kibe  «ir  vibrate,  and  ultimately  produces  a  sound  when  the  successive 
I  are  iiiflicicntly  rapid.     If  the  fixed  plate,  like  the  moving  disc,  had 
iloiev  each  hole  would   separately  produce  the  same  effect  as  a 
t,  the  iound  would  be  eighteen  times  as  intense,  but  the  number 
f  ^v^mlaQi  arooJd  not  be  increased. 

I*  ^ 


In  order  to  know  ihe  number  of  vibrations  corresponding  to  the  sound 
produced,  it  is  necessary  to  know  the  number  of  revolutions  of  the  disc  A  in 
a  second.  For  this  purpose  an  endless  screw  on  the  rod  T  transmits  the 
motion  to  a  wheel,  a,  with  loo  teeth.  On  this  wheel,  which  moves  by  one 
tooth  for  every  tuni  of  the  disc,  there  is  a  catch  P,  which  at  each  complete 
revolution  moves  one  tooth  of  a  second  wheel,  6  (fig.  206).  On  the  axis  of 
these  wheels  there  arc  two  needles,  which  move  round  dials  represented  tn 
6g.  204.  One  of  these  indices  gi\  es  the  number  of  turns  of  the  disc  A,  the 
other  the  number  of  hundreds  of  turns.  By  means  of  two  screws,  D  and  C, 
the  wheel  a  can  lie  uncoupled  from  the  endless  screw. 

Since  the  pitch  of  the  sound  rises  in  proportion  to  the  velocity  of  the  disc 
A,  the  wind  is  forced  until  the  desired  sound  is  produced.  The  same  current 
is  kept  up  for  a  ccrtiiin  time — two  minutes,  for  example— and  the  number  of 
turns  read  off.  This  number  muhiplied  by  18,  and  divided  by  120,  gives 
the  number  of  vibrations  in  a  second  For  the  same  velocity  of  rotation  tbe 
syren  ^ves  the  same  sound  in  air  as  in  water ;  the  same  is  the  case  with 
all  gases  ;  and  it  appears,  therefore,  that  any  given  sound  depends  on  Hkt 
number  of  vibrations,  and  not  on  the  nature  of  the  sounding  body. 

The  buzzing  and  humming  noise  of  certain  insects  is  not  vocal,  but  is 
produced  by  very  rapid  flapping  of  the  wings  against  the  air  or  the  body* 
The  syren  has  been  ingeniously  applied  to  count  the  velocity  of  the  unduU* 
tions  thus  produced,  which  is  effected  by  bringing  it  into  unison  with  the 
sound.  It  has  thus  been  found  that  the  wings  of  a  gnat  flap  at  the  r»te  of^ 
15,000  limes  in  a  second*  If  a  report  is  produced  in  a  space  with  tw^ 
parallel  walls  at  no  great  distance  apart,  the  sound  is  reflected  from  one  I0 
the  other  and  reaches  the  car  at  regular  and  frequent  intervals  ;  thai  i^  iht^ 
repetition  of  the  echo  acts  as  a  note. 

243.  B«Uow». — !n  acoustics  a  bellows  is  an  apparatus  by  which  vfod 
instruments,  such  as  the  syren  and  organ-pipes,  are  worked-  Between  t]ie< 
four  legs  of  a  tabic  there  is  a  pair  of  bellows,  S  (fig.  207),  which  is  worked 
by  means  of  a  pedal,  P.  U  is  a  reservoir  of  flexible  leather,  in  which  is  stored 
the  air  forced  in  by  the  bellows.  If  this  resenoir  is  pressed  by  mea&s  oC 
weights  on  a  rod  T»  moved  by  the  hand,  the  air  is  driven  through  a  pipe, 
into  a  chest,  C,  fixed  on  the  table.  In  this  chest  there  arc  small  holes 
by  leather  valves,  which  can  be  opened  by  pressing  on  keys  in  front  of 
bo3f.     The  syren  or  sounding  pipe  is  placed  in  one  of  these  holes. 

244'  &iipit  of  perceptible  lowidi^ — Previous  to  Savart's 
physicists  assumed  that  the  ear  could  not  perceive  a  sound  when  the  p) 
of  vibrations  was  below  16  for  deep  sounds,  or  above  9,000  for  acute 
But  he  showed  that  these  limits  were  too  close,  and  that  the  faculty  of 
cciving  sounds  depends  rather  on  their  inicnsit)^  than  on  their  he^ht ; 
that  when  extremely  acute  sounds  are  not  heard,  it  arises  from  the  fiict 
they  have  not  been  produced  with  sufficient  intensity  to  aifect  the 
hearing. 

By  increasing  the  diameter  of  the  toothed  wheel,  and  consequentlf' 
amplitude  and  intensity  of  the  vibrations,  Savart  pushed  the  limit  of 
sotmds  to  24,000  vibrations  in  a  second. 

For  deep  sounds  he  substituted  for  the  toothed  wheel  an  iron  bar 
two  feet  long,  which  revolved  on  a  horixontal  axis  between  two  thia 
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ibteSi  about  ox>8  of  an  inch  from  the  bar.  As  often  as  the  bar  passed,  a 
fEif«  sound  was  produced,  due  to  the  displacement  of  the  air.  As  the 
I  accelerated,  the  sound  became  continuous,  very  grave  and 
By  ibis  means  Savart  found  that,  with  7  to  8  vibrations  in  a 
,  the  car  perceived  a 


E  but  %'er>'  deep  sound 
D«|weii,  however^  who 
awtttgBDtd  the  same  sub- 
jtct,  dtspaied  Sarart's  results 
a  10  the  limits  of  deep 
■Bpads,  and  considers  that 
w  MNiiid  it  audible  that  is 
waA^  \ff  less  than  16  vibra- 
tfotf  per  second.  Helm- 
Wtt  Isolds  that  the  percep- 
IM  %M  a  sound  begins  at  5a 
nbiatiofiSy  and  on!}^  has  a 
ntiasical  value  when 
'  is  more  than  40^ 
JO  the  impression  ol 
4  somber  of  separate  beats 
«l«odaced.  On  the  other 
iHni  acole  toonds  are  audi- 
yesp  10  ttio«e  id- 

af  to  ^fifoowh  a 


T^  dtscordant  results 
CMed  by  these  :ind  other 
mil  II   Ibr  the    limit    of 

rof  liis^er  nates  are  ***  '''^* 

I  due  to  the  circumstance  that  different  observers  have  different 
\  for  the  peniepiion  of  sounds.  Preyer  has  investigated  this  subject 
\  tA  expcrimcmal  methods  of  greater  precision  than  any  that  have 
MlkBiobeesi  applied  for  this  purpose.  The  minimum  limit  for  the  normal 
«rbe  famd  to  lie  between  16  and  24  single  vibrations  in  a  second ;  the 
^■■^^■■"  limit  reached  41,000  ;  but  many  persons  with  average  powers  of 
kHfifif  were  found  to  be  absolutely  deaf  to  notes  of  16^000,  12^000,  or  even 
iHar  vflifmtiofia. 

24^  BMfcamol'a  crmplilo  maliiod.— When  the  syren  or  Savart's  wheel 
aewd  10  ddermmc  the  exact  number  of  vibrations  corresponding  to  a  given 
aa^  IS  Is  necessary  to  bring  the  sounds  which  they  produce  into  unison 
mA  tUm  given  mKe,  and  this  cannot  be  done  exactly  unless  the  experi- 
memtf  lias  a  practt»cd  car.  Duhamel's  graphic  method  is  very  simple  and 
mMX  snd  free  Iroei  this  dif!icuky.  It  consists  in  lining  a  fine  point  to  the 
hi^  '^nmnim^  ^^  Aote,  and  causing  it  to  trace  the  vibrations  on  a  properly 
iWBBfed  surtacs* 

The  afipaiaftis  con&ists  of  a  wood  or  metal  cylinder^  A  (fig.  208)^  fixed  to 

i  fetiGd  aaiSi  O,  and  turned  by  a  handle.     The  lower  part  of  the  axis  is  a 

Amg  in  a  ^ed  nut,  so  that,  according  as  the  handle  is  turned  frottx 
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CHAPTER   III. 
THE  PHYSICAL  THEORY  OF  MUSIC 

346.  FfptttUeg  ofmiialeal  notes. — A  simple  musical  note  results  from 
coBdiiiioiis  rapid  isochronous  vibrations,  provided  the  number  of  the  vibra- 
cxms  £ills  within  the  very  wide  limits  mentioned  in  the  last  chapter  (244). 
Musical  notes  are  in  most  cases  compound.  The  distinction  between  a 
sbnpie  and  a  compound  musical  note  will  be  explained  later  in  the  chapter* 
The  tone  yielded  by  a  timing-fork  furnished  with  a  proper  resonance-box  is 
simtpU  ;  that  yielded  by  a  wide-stopped  organ  pipe,  or  by  a  flute,  is  nearly 
simpU ;  that  yielded  by  a  musical  string  is  compound. 

Musical  notes  have  three  leading  qualities,  namely,  ^7^^,  intensity^  and 
timbre  or  quality. 

L  Thefiitck  of  a  musical  note  is  determined  by  the  number  of  vibrations 
ficr  second  >'iclded  by  the  body  producing  the  note. 

iL  The  intensity  of  the  note  depends  on  the  extent  of  the  vibrations.  It 
s  greater  when  the  extent  is  greater,  and  less  when  it  is  less.  It  is,  in  fact, 
proportional  to  the  square  of  the  extent  or  amplitude  of  the  vibrations  which 
produce  the  note. 

:ii-  The  timbre  or  stamp  or  quality  is  that  peculiar  property  of  note  which 
i^rtin^ishes  a  note  when  sounded  on  one  instrument  from  the  same  note 
a  hen  sounded  on  another.  Thus  when  the  C  of  the  treble  stave  is  sounded 
r-  a  \i0Iin9  and  on  a  flute,  the  two  notes  will  have  the  same  pitch  ;  that  is 
*.-*  produced  by  the  same  number  of  vibrations  per  second,  and  they  may 
::ive  the  same  intensity,  and  yet  the  two  notes  will  have  very  distinct  qualities  ; 
's.ki  is,  their  timbre  is  different.  The  cause  of  the  peculiar  timbre  of  notes 
%rl  Sc  considered  later  in  the  chapter. 

247.  IKwsicml  intarralB. — Let  us  suppose  that  a  musical  note,  which  for 
the  :»akc  of  future  reference  we  will  denote  by  the  letter  C,  is  produced  by 
m  vibrations  per  second  ;  and  let  us  further  suppose  that  any  other  musical 
Bote,  X,  is  produced  by  n  vibrations  per  second,  n  being  greater  than  m  ; 
lacn  the  interval  from  the  note  C  to  the  note  X  is  the  ratio  n  ;  w,  the  inter\al 
:ctwcen  two  notes,  being  obtained  hy  division^  not  hy  subtraction.  Although 
two  or  more  notes  may  be  separately  musical,  it  by  no  means  follows  that 
•ben  soonded  together  they  produce  a  pleasant  sensation.  On  the  con- 
trary, unless  they  are  concordant,  the  result  is  harsh,  and  usually  unpleasing. 
We  have,  therefore,  to  inquire  what  notes  are  fit  to  be  sounded  together. 
Now  «hen  musical  notes  are  compared  it  is  found  that  if  they  are  separated 
b>'  an  intenal  of  2  :  i,  4  :  i,  &c.,  they  so  closely  resemble  one  another  that 
they  may  for  most  purposes  of  music  be  considered  as  the  same  note.  Thus, 
suppose  c  to  stand  for  a  musical  note  produced  by  2m  vibrations  per  second, 
:>jen  C  and  c  so  closely  resemble  one  another  as  to  be  called  in  music  by 
the  same  name.     The  interval  from  C  to  ^  is  called  an  octave,  and  c  is 


.v^^^tvs 


:Ugf«.t'.«'*^ 


"dC, 


r»»t<»^' 


iiiitt^e 


cotvs^'irbeaX^ftlns^aJ^c'^' 


botA 


toaV 


.ciet 
c\voi 


dW 


0»e' 


-^ 


> 


„evet 


\V       AVSSOO' 


^"^^''^i^ded 


qX^ 


60tt»° 


f.otn9° 


c 

G 


coi 


ilYvC 


ti^^ 


.ttv^^',  rottesp^' 


lUOtvs 


cott' 


«"'"c;'>«,'':t"teii°"'»' 


*.,^'.^« 


lYic^ 


g^^ 


'TV^e 


C 
m 


re 


G 


/a 


B 

V* 


c 


V 


pioJ 


...oi^flV^g^^^^. 


•^{asg^r^.r^'V*'^ 


IS' 


490] 


On  3Tuskai  Temperament. 


217 


fnmed  of  mm^wt  triads.  If  the  minor  triad  were  substituted  for  the  major 
i  tcilc  woold  be  formed  that  could  be  strictly  called  a  mint}r  scale.  As 
Kikt  arc  asaally  written,  however,  the  ascending  scale  is  so  formed  that 
te  umk  beafs  a  minor  triad,  the  dominant  and  sub-dominant  bear  major 
iriadttv  while  in  the  descending  scale  they  all  bear  minor  triads.  Practically 
composition,  the  dominant  triad  is  always  major.  If  the  ratios 
aboire  arc  examined,  it  will  be  found  that  in  the  major  scale  the 
iBtcrral  frocn  C  to  £  equals  |,  while  in  the  minor  scale  it  equals  \.  The 
taierrml  is  called  a  major  third,  the  latter  a  minor  third.  Hence  the 
'  third  exceeds  the  minor  third  by  an  mterval  of  |J.  This  interval  is 
semitone,  though  very  different  from  the  interval  above  called  by 

^  %4^  9m  ••mitoaa*  and  on  »eales  'wltli  dilTereiit  iLey-notes. — It  will 
feaiadi  O'om  the  last  article  that  the  term  *  semitone '  does  not  denote  a 
eowcaai  Imen'.d,  being  in  one  case  equivalent  to  \\  and  in  another  to  ||. 
il  ii  loiiod  convenient  for  the  purposes  of  music  to  introduce  notes  inter- 
■a^ala  10  tbe  seven  notes  of  the  gamut  ;  this  is  done  by  raising  or  lowering 
fiNW  imics  by  an  interval  of  f|.  When  a  note  (say  C)  is  increased  by  this 
iCfval,  if  is  said  to  be  sharpemd,  and  is  denoted  by  the  symbol  Cl ,  called 
•C  tiiaf|t  ;*  that  is,  Cj  -r-C  «  J|.  When  it  is  lowered  by  the  same  interval,  it 
m  did  to  ht  flattened^  and  is  represented  thus — Bt>,  called  *■  B  6at ;'  that  is, 
ft-s-E»«|^*  if  the  effect  of  this  be  examined,  it  will  be  found  that  the 
asaafao'  oif  iKites  in  the  scale  from  C  up  to  1:  has  been  increased  from  seven 
le  notes,  all  of  which  can  be  easily  distinguished  by  the  ear. 
I  ledUHkKng  C  to  equal  i,  we  have — 
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Hitherto  we  have  made  the  note  C  the  tonic  or  key-note.  Any  other  of 
f-one  distinct  notes  above  mentioned,  e.g.  G,  or  F,  or  C^,  &c, 
'  be  tnade  the  key-note,  and  a  scale  of  notes  constructed  with  reference 
iiit.  Thlft  wrill  be  found  to  give  rise  in  each  case  to  a  series  of  notes,  some 
if  arbkh  arc  identical  with  those  contained  in  the  series  of  which  C  is  the 
ley'^ooiei  b«t  roost  of  them  ditferent.  And  of  course  the  same  would  be  true 
scale  as  well  as  for  the  major  scale,  and  indeed  for  other  scales 
I  ioa^  be  constructed  by  means  of  the  fundamental  triads. 

■malcal  teiai^eraaient.'-The  number  of  notes  that  arise  from 
tion  rtf  the  scales  described  in  the  last  article  is  so  great  as  to 
r^jolla  munaiiagcablc  in  the  practice  of  music;  and  purticularly  for 
:  4ai|picd  for  mstmrnents  with  Hxed  notes,  such  as  the  pianoforte  or 
Acconlitigty,  it  becomes  practically  important  to  reduce  the  number 
acSi  which  is  done  by  slightly  altering  their  just  proportions.    This 
aa  if  called  iempcnimenL     By  tempering  the  notes,  however,  more  or 
Ritoninrr  is  introduced,  and  accordingly  several  different  systems  of 
Bl  have  been  devised  for  rendering  this  dissonance  as  slight  as 
The  system  usually  adopted  is  called  the  system  of  equal  tempera- 
It  cotststs  in  the  substitution  between  C  and  c  of  eleven  notes  at 
,eacli  intcnal  being,  of  course,  the  twelfth  root  of  2,  or  1*05946. 
%  iJm  means  the  distioclion  between  the  semitones  is  abolished,  so  thai 
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fm^mamce  A^x,  adjusted  so  as  to  strengthen  the  special  note  of  the  luning-fork 
355}- 

The  standard  tuning-fork  in  any  country  represents  its  accepted  concert 
pitdi. 

It  has  been  remarked  for  some  years  that  not  only  has  the  pitch  of  the 
naung'fmk  been  getting  higher  in  the  Jarge  theatres  of  Europe,  but  also 
tJtst  it  ks  not  the  same  in  London,  Paris,  Berlin,  Vienna,  Milan,  &c.  This  is 
a  soorce  of  great  inconvenience  both  to  composers  and  singers,  and  a  com- 
appotnted  in  1859  to  establish  in  France  a  tuning-fork  of  uniform 
to  prepare  a  standard  which  would  serve  as  an  invariable  type. 
icc  with  the  recommendations  of  that  body^  a  norfnai  iumng-fark 
tablishcd,  which  is  compulsory  on  all  musical  establishments 
is  Fnu^cCt  and  a  standard  has  been  deposited  in  the  conservator^^  of  music 
Parisi.  U  performs  437' 5  double  vibrations  per  second,  and  gives  the 
Mlani  note  a  or  /a,  or  the  a  in  the  treble  stave  (252).  Consequently,  with 
to  this  standard,  the  middle  c  or  do  would  result  from  261  double 
per  second. 
England  a  committee,  appointed  by  the  Society  of  Arts,  recommended 
ataadard  tuning-fork  should  be  one  constructed  to  yield  52S  double 
is  a  second,  and  that  this  should  represent  c^  in  the  treble  stave, 
Tkis  oomber  bas  the  advantage  of  being  divisible  by  2  down  to  33,  and  is  in 
&Cf  %hK  aame  as  the  normal  tuning-fork  adopted  in  Stuttgardt  in  1S34,  which 
«akcs  440  vibrations  in  the  second,  and,  like  the  French  one,  corresponds 
ao  #  in  tbc  same  stave. 

isi  cuct  determinations  of  pitch  the  temperature  must  be  taken  into 
arcpttnt  Heat  acu  on  the  tuning-fork  by  expanding  it,  and  also  by 
^tattOtthing  the  elasticity  of  the  metaL  Both  effects  concur  in  lowering 
Tbas  Konig  found  that  a  tuning-fork  which  made  512  vibrations 
r  C-  varied  by  0*0572  for  each  degree  C.  Stone  and  McLeod  found  the 
cross. 

WtmM^mX   notation*    miiajdoal  raare- — It  is  convenient  to  have 
■MM  of  at  once  naming  any  particular  note  in  the  whole  range  of 
•otmdt  other  than  by  stating  its  number  of  vibrations*     Perhaps  a 
litllt  pfmctice  is  to  call  the  octave,  of  which  the  C  is  produced  by  an 
ciricafi  pipc^  by  the  capital  letters  C\  D,  E,  F,  G,  A,  B  ;  the  next 
ocrtave  by  the  corresponding  small  letters,  r,  d^  ^^/tgt  *h  ^  *♦  ^^^  t*-* 
tbc  ocXA%*es  higher  than  this  by  the  index  placed  over  the  letter 
i^^  4^,  ^t/'t  Jf't  **%  ^'f  2Uid  the  higher  series  in  a  similar  manner.     The 
a^oe  principle  may  be  applied  to  the  notes  below  C  ;  thus  the  octave  below 
C  m  C.^  and  the  next  tower  one  C,,. 
Htaice  wr  hame  the  scries 

C,,   C,   C  r  r'  r"  r"'  f«*. 

In  OBt»caI  writing  the  notes  are  expressed  by  signs  which  indicate  the 
ittc*^  ^  ^*OR  during  which  the  note  is  to  be  played  or  sung,  and  are  written 
«B  a  mmM  of  lines  c^ed  a  stave.    Thus 
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stands  for  the  octave  in  the  treble  clef:  of  which  the  lop  note  is  the  standard 
c'  and  the  bottom  is  the  middle  c.  When  the  five  lines  are  insufficient  thc>' 
are  continued  above  and  below  the  slave  by  what  arc  called  Udgtr  lines. 
In  order  to  avoid  confusion,  a  bass  clef  is  used  for  the  lower  notes ;  and  it 


may  be  remarked  that  ] 


and 


fe^^£^ 


stand  for  the  same  note 


(251)  which  is  the  middle  c. 

The  deepest  note  of  orchestral  instruments  is  the  E  of  the  double  boss, 
which  makes  41^  vibrations,  taking  the  key-note  as  making  440  vibrations 
in  a  second.  Some  organs  and  pianofortes  go  as  low  as  C^^,  with  32  ^-ibra- 
lions  in  a  second,  some  grand  pianos  even  as  low  as  A^^,  with  tj\  vibrations^ 
But  the  musical  character  of  all  these  notes  below  E^  is  imperfect,  for  we 
are  near  the  limit  at  which  the  ear  can  combine  the  separate  vibrations  to  a 
musical  note  (244).  These  notes  can  only  be  used  musically  with  their  neu 
higher  octave,  to  which  they  impart  a  certain  character  of  depth  and  richness. 

In  the  other  direction,  pianofortes  go  to  a^*  with  3520  or  even  t*  with  4234 
vibrations  in  a  second.  The  highest  note  of  the  orchestra  is  probably  Uie 
d^  of  the  piccolo  flute,  which  makes  4752  vibrations.  Although  the  car  ciui 
distinguish  sounds  which  are  still  higher,  they  have  no  longer  a  pleasurable 
character.  And  while  the  notes  which  are  distinguishable  by  the  ear,  raQ|^ 
between  16  and  38,000  vibrations,  or  n  octaves,  those  which  are  musidMy 
available,  range  from  about  40  to  4,000  vibrations,  or  within  7  octaves, 

253,  liTATe-lenrtli  of  a  r^ven  note.  AjnpUtude  of  oteiUattott. — 
Knowing  the  number  of  vibrations  vvhich  a  sounding  body  makes  in  a 
second,  the  corresponding  wave-length  is  easily  calculated.  For  since  sound 
travels  at  about  1,120  feet  in  a  second,  if  a  btxly  only  made  one  %*tbi 
a  second  its  wave-length  would  be  1,120  feet;  if  it  made  two,  thcwav 
would  be  half  of  1,120  feet ;  if  it  made  three,  the  third,  and  so  on — that  is, 
that  the  WiTVC'length  of  any  note  is  the  quotient  obtained  by  diridimg  ikt 
velocity  of  sotind  by  the  number  of  vibrations  ;  and  this  whaic\er  the  hejgllt 
of  the  sound,  since  the  velocity  is  the  same  for  high  and  low  notes. 

HencCi  calling  v  the  velocity  of  sound,  /  the  wave-length,  n  the  mtmbir 

of  vibrations  in  a  second^  we  have  ^  »  //i,  from  which  "  -  -. ;  that  is,  that  die 

number  of  vibrations  is  inversely  as  the  wave-length. 

The  amplitude  of  oscillation  which  is  required  for  the  producttoo  of 
audible  sounds  is  very  small.  Lord  Rayleigh  determined  it  in  the  caae  of 
the  waves  due  to  a  pipe  which  sounded  the  note  /'*,  and  which  coold  be 
heard  at  a  distance  of  S20  metres.  He  found  that  the  amplitude  of  the  oftdi* 
lation  of  these  waves  could  not  be  greater  than  o'ooooooi  of  a  millitncurc 

254.  On  eompound  laaslcAl  tones  and  liarmonlc*. — VNlien  any  gii^^ai 
note  (say  C)  is  sounded  un  most  musical  instruments,  not  that  lone  alone  b 
produced,  but  a  scries  of  tones,  each  being  of  less  intensity  than  the  ooe 
preceding  it.  If  C,  which  may  be  called  the  primary  tone,  is  denoted  \p^ 
unity,  the  whole  series  is  given  by  the  numbers  1,  2,  3,  4,  5,  6,  7,  &c  ;  in 
other  words,  first  the  primary  C  is  sounded,  then  its  octave  becomes  audible^ 
then  tlie  fifth  to  that  octave,  then  the  second  octave,  then  the  third,  6fllit 
and  a  note  between  the  sixth  and  seventh  to  the  second  octave^  and  so  4N^ 
Tibese  secondary  notes  are  called  the  harmonics  of  the  piiBUiry  noU, 
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(bdsle  m  comparison  with  the  primary  note,  they  may,  with  a  little  practice 
be  lieani,  when  the  primary  note  is  produced  on  most  musical  instruments  : 
mhtn^  Ibr  instance^  one  of  the  lower  notes  is  sounded  on  the  pianoforte. 
11^  Selmhiklts**  analysts  of  sound. — For  the  purpose  of  experimentally 
fcing  the  presence  of  the  harmonics  as  distinct  tones,  Professor  HelmhoVtz 
1  an  instrument  which  he  called  a  resonance  globe.  This  may  be  illus- 
l  by  the  following  experiment,  which  indeed  is  identical  in  principle 
I  that  described  in  article  329  : — If  an  empty  glass  cylinder  be  taken 
I  vibrating  tuning-fork  be  held  over  the  mouth  of  the  vessel,  the  column 
ill  not  be  set  in  vibration  unless  the  column  of  air  be  of  a  certain 
•  length  ;  such,  indeed,  that  the  wave-length  of  the  fundamental  note 
to  the  wave-length  of  the  note  produced  by  the  tuning-fork. 
"  by  iMJtiring  in  water  we  can  regulate  the  length  of  the  column  of  air, 
b^*  trial  can  hit  oflf  the  exact  length  ;  when  this  is  attained  the  note  of 
^tiiBtog-fork  will  be  heard  to  he  powerfully  reinforced  (227),  A  resonance- 
(6g.  210)  is  a  glass  globe  tuned  to  a  particular  note,  furnished  with 
\  openings,  one  of  which,  a^  is  turned  towards  the  origin  of  the  sound,  and 
» mbcr,  h^  by  means  of  an  india-rubber  lube,  is  applied  to  the  ean  If  the 
'  to  the  resonance 'globe  exists  among  the  harmonics  of  the  com- 


t>^  aiot 
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fPHDd  tooe  that  is  sounded  it  ts  strengthened  by  the  globe,  and  thereby 
lenkiBil  distinctly  audible.  Further,  other  things  being  the  same,  the 
Kie  pfOfMr  to  a  given  globe  depends  on  the  diameter  of  the  globe  and  that 
of  the  Bocovered  opening.  Consequently,  by  means  of  a  scries  of  such 
iMm-t  the  whole  series  of  harmonics  in  a  given  compound  tone  can  be  rcn* 
tfoed  dbdncily  audible,  and  their  existence  put  beyond  a  doubt 

,  the  eminent  acoustical  instrument  maker,  has  made  an  important 
in  the  resonance-globe,  to  which  he  has  given  the  form  reprc- 
iMiid  ia  %^  211*  The  resonator  is  cylindrical,  and  the  end  which  receives 
tie  mmA  can  be  drawn  out,  so  that  the  volume  may  be  increased  at  pleasure* 
^  die  tmrad  thereby  becomes  deeper,  the  same  resonator  may  be  tuned  to  a 
fsriajr  irf  fioies.  On  the  tubu lure  fits  a  caoutchouc  tube  by  which  the  vibra- 
Mi  nay  be  transmitted  in  any  direction. 

It  may  b^e  be  mentioned  that  a  distinction  is  made  between  consonanct 
Consonance  is  the  excitation  of  a  body  to  independent 
\  by  a  note,  while  resonance  is  the  strengthening  of  feeble  notes,  by 
vibrations  of  adjacent  bodies. 
t^  XHttlC'a  apparatma  for  tbe  analysis  of  sound. ^As  the  successive 
t  to  the  car  of  various  resonators  is  both  slow  and  tedious,  K6nig 
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devised  a  remarkable  apparatus  in  which  a  series  of  resonators  act  on  mano- 
metric  flames  (288) ;  the  sounds  thus,  as  it  were,  become  visible,  and  may 
be  shown  to  a  large  auditory. 

It  consists  of  an  iron  frame  (fig.  212)  on  which  are  fixed  in  two  parallel 
lines  fourteen  resonators  tuned  so  as  to  give  the  notes  from  F^  to  c^' — that  is 
to  say,  four  octaves  and  a  half:  or  notes  of  which  the  highest  give  the  lower 
harmonics  of  the  primary.  On  the  right  is  a  chamber  C,  which  is  supplied 
with  coal  gas  by  the  caoutchouc  tube,  D,  and  on  which  are  placed  eight 
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ilpaw  dcdtated  ;  but  if  the  fundamental  note  is  acconipanicd  by  one  or  more 
nf  its  lttni3oaics»  tJie  corresponding  resonators  speak  at  the  same  time,  which 
ii  iccofiiised  by  the  dentation  of  their  tiames  ;  and  thus  the  constituents  of 
iidi  doinid  may  be  detected. 

357*  WfWSbmmim  of  ■oniKlA.^Not  only  has   Hekiihohz  succeeded  in  de- 
ttiig  sounds  into  their  constituents  ;  he  has  verified  the  result  of  his 
is  by  performing  the  reverse  operation,  the  synthesis  ;  that  is,  he  has 
1  a  gfiven  sound  by  combining  the  individual  sounds  of  which  his 
\  had  shown  that  it  was  composed.     The  api>aratus  which  he  used 
puqwse  consists  of  eleven  timing-forks,  the  first  of  which  yields  the 
»ial  note  of  256  vibrations,  or  C,  nine  others  its  harmonics,  while  the 
es  as  make  and  break  to  cause  the  diapasons  to  vibrate  by  means 
»*liyigDet$.     Each  diapason  has  a  special  electro-magnet,  and  more- 
'  m  reaooator*  which  strengthens  it. 


X 
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^{^z  ia^^^^m 


i«^  -' 


/I 


All  tliae  dUp^soiis  and  their  accessories  arc  arranged  in  parallel  lines  of 
ivs  (%>  313}*  tJlc  lirst  comprising  the  fundamental  note  and  its  uneven  har- 
mmmka^  -l  i,  ?.  and  9  ;  the  second  the  even  harmonics,  2,  4,  6,  8,  and  to ; 
iKfODc  the  diapason  break  K   arranged  horizontally.     One  of  its 

praag&  . .  ^. . .  led  with  a  platinum  point  which  grazes  the  surface  of  mercury 
aaiained  in  a  small  cup,  the  bottom  of  which  is  connected,  by  a  copper 
-,-«  ^  *i.  ,„  ..u.  *^,,  magnet  placed  in  front  of  the  diapason. 

mg  thus  arranged,  a  wire  from  a  voltaic  battery  ts  con- 

L'  ling  screw,  *,  and  this  with  the  electro-magnct  E  ;  which 

Hk  with  those  of  the  nine  following  diapasons,  and  then 

'•  jisclf.     So  long  as  the  diapason  does  not  vibrate,  the 

f  ,  for  the  platinum   point  does  not  dip  in   the  mercurj 

Q1&  aiwcia  i^cuancctcd  with  the  other  pole  of  the  battery**     Put  when  the 
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diapason  is  made  to  vibrate  by  means  of  a  bow,  ihe  current  passes.  Owing 
to  their  elasticity,  the  limbs  of  the  tuning-fork  soon  revert  to  their  orig^inal 
position,  thf  point  is  no  longer  in  the  mercury,  the  current  is  broken,  and  *o 
on  at  each  double  \ibration  of  the  diapason.  This  intermittencc  of  the 
current  being  transmitted  to  all  the  other  electro-magnets,  they  are  alternately 
active  and  inactive.  Hence  they  communicate  to  all  ihc  diapasons  by  their 
attraction  the  same  number  of  vibrations.  This  is  the  case  with  the  diapason 
1,  which  is  tuned  in  unison  with  the  diapason  break  ;  but  the  diapason  3, 
being  tuned  to  make  three  times  as  many  vibrations  makes  three  vibrations 
at  each  break  of  the  current ;  that  is  to  say,  the  cicctro-magnet  only  attracts 
it  at  ever>*  third  vibration  ;  in  Uke  manner,  diapason  fi  only  receives  a  fresh 
impulse  every  five  vibrations,  and  so  on. 

The  following  Is  the  working  of  the  apparatus  :— The  resonator  of  each 
diapason  is  closed  by  a  clapper  O  (fig.  214),  so  that  the  sounds  made  by  the 

diapasons  are  scarcely 
perceptible  when  the  cla|i- 
pcrs  are  lowered.  Each  of 
these  is  fixed  to  the  end  of 
a  bent  lever,  the  shorter 
arm  of  which  is  worked 
by  a  cord  a^  which  is  con- 
nected with  one  of  the 
keys  of  a  keyboard  placed 
in  front  of  the  apparatus 
(fig.  213).  When  a  kc>'  b 
depressed,  the  cord  moflree 
the  lever,  which  raises^ 
clapper,  and  the  rc! 
then  acts  by  strength entnf 
its  diapason.  Hence  by 
depressing  any  key  we 
may  add  to  the  funds* 
mental  sounds  any  of  the  nine  primar>'  harmonics,  and  thus  reproduce  tbe 
sounds  the  composition  of  which  has  been  determined  by  analysts.  Thus  by 
depressing  all  the  keys  at  once  we  obtain  the  sound  of  an  0{>en  pipe  in  unisoti 
with  the  deepest  diapason.  By  depressing  the  key  of  the  fundament.il  note 
and  those  of  its  uneven  harmonics,  we  obtain  the  sound  of  a  cluscd  pipe. 

258.  X««iats  of  Belmliolta's  researoliei. — By  both  his  anal)'tica]  and 
synthetical  investigations  into  sounds  of  the  most  varied  kinds—those  from 
various  musical  instruments,  the  human  voice,  and  even  noises— Hclmhohi 
has  fully  succeeded  in  explaining  the  different  timbrfox  quality  of  sounds.  It 
is  due  to  the  different  intensities  of  the  harmonics  which  accompany  the 
primary  tones  of  these  sounds.  The  leading  results  of  these  researches  \tkt» 
the  colour  of  sounds  may  be  thus  stated  :  - 

L  Simple  notes,  as  those  produced  by  a  tuning-fork  wth  a  resonance-l 
and  by  wide  covered  pipes^  arc  soft  and  agreeable  without  any 
but  weak,  and  in  the  deeper  notes  dull. 

ii  Musical  sounds  accompanied  by  a  series  of  hannonics,  say  up  to  the 
sixth»  in  moderate  strength,  are  full  and  musical.    In  comparison  with  fimiile 
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tones  they  are  grander,  richer,  and  more  sonorous.     Such  are  the  sounds  of 
open  organ-pipes,  of  the  pianoforte,  &c. 

xii-  If  only  the  uneven  harmonics  are  present,  as  in  the  case  of  narrow- 
stopped  pipes,  of  pianoforte  strings  struck  in  the  middle,  clarionets,  &c.,  the 
sound  becomes  indistinct ;  and  when  a  greater  number  of  harmonics  are 
audible,  the  sound  acquires  a  nasal  character. 

iv.  If  the  harmonics  beyond  the  sixth  and  seventh  are  very  distinct, 
the  sound  becomes  sharp  and  rough.  If  less  strong,  the  harmonics  are  not 
prejudicial  to  the  musical  usefulness  of  the  notes.  On  the  contrary,  they 
are  useful,  as  imparting  character  and  expression  to  the  music.  Of  this  kind 
ire  most  stringed  instruments,  and  most  pipes  furnished  with  tongues,  &c. 
Sounds  in  which  harmonics  are  particularly  strong  acquire  thereby  a  pecu- 
liariy  penetrating  character  ;  such  are  those  yielded  by  brass  instruments. 

259.  9ro««etiOB  of  To^al  moxokikm. — The  trachea  or  windpipe  is  a  tube 
which  terminates  at  one  end  in  the  lungs,  and  at  the  other  in  the  larynx^ 
vhicfa   is    the   true  organ  of   vocal  sound. 

F:g-  215  represents  a  horizontal  section  of  C  / 

this  organ.  It  consists  of  a  number  of  car- 
riUginous  structures,  bb^  which  are  connected 
•y  various  muscles,  by  which  great  variety  and 
•j-.t;-'!  in  the  motions  are  attainable.  These 
--avies  are  connected  with,  and  move,  two 
-^i'.\c  membranes  or  bands  with  broad  bases 

•  x*: :  to  the  lar>'nx,  and  with  sharp  ed^^cs  cc  ; 

•  .^•^  are  called  the  vocai  chords.  Accord- 
-..;  :■»  the  pressure  of  the  muscles  these 
r  ..rd-  are  more  or   less    tij(htly   stretched, 

-r .:  the  space  between  them,  the  vocal  s/i/^ 
-.arruwer  or  wider  accordingly.     In  ordi- 

•  :r.  breaihint;,  air  passes  through  the  triangular  aperture  o  ;  but  when  in 
'.  T.r  this  is  closed,  the  vocal  chords  are  stretched  and  are  put  in  vibration 

•  '.-  "jrn.-nt  of  air,  and  produce  tones  which  are  higher  the  more  tightly 
1  r.'.rd-  are  stretched,  and  the  narrower  is  the  vocal  slit.  These  changes 
.-  J*:  cRC' ted  with  surprising  rapidity,  so  that  in  this  respect  the  human 

-•:  far  c\reeds  anything  that  can  be  made  artificially. 

The  r.otfi  produced  by  men  are  deeper  than  tho^r  of  women  or  boys, 

-  I  :sr'  in  them  the  lar>'nx  is  longer  and  the  vocal  chords  l;»r;^'er  and  thicker  ; 
r-  ':.  thf^ugh  equally  elastic,  they  vibrate  less  swiftly.  The  vocal  chords 
-'*  I-  rniilimctres  long  in  men,  and  \2  millimetres  long  in  women.     Chest 

•.-.-  are  dv;c  to  the  fact  that  the  whole  membrane  vibrates,  while  the  fal- 
-••.  •  is  produced  by  a  vibration  of  the  extreme  edges  only.     The  ordinary' 

•-./as-  of  the  individual  voice  is  within  two  octaves,  though  this  is  exceeded 
•■■  r.:r.'-  'clebrated  singers.  Catalini,  for  instance,  is  said  to  have  had  a 
•ir.'C  of  5'  f>rtaves. 

Ihc  'A .-i'.e- length  of  the  sounds  emitted  by  a  man's  voice  in  ordinary  con- 

r-^-ion  i^  from  8  feet  to  12  feet,  and  that  of  women's  voice  is  from  2  feet  to 

-  '^■^^  \:\  it  ^e^'ond. 
'  r:»:  v.,vv«:I  iounds  cau  l>e  prmluced  in  any  pitch,  and  the  difference  in 

'  '■r   .in'.es  from  the  fact  that  to  form  a  given  vowel  sound  one  or  more 
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characteristic  notes  which  are  always  the  same  must  be  added.  These 
change  with  the  syllable  pronounced,  but  depend  neither  on  the  height  of 
the  note,  nor  on  the  person  who  emits  them. 

The  form  and  cavity  of  the  mouth  can  be  greatly  modified  by  the  extent 
to  which  it  is  opened,  by  the  altered  position  of  the  tongue,  and  so  forth.  It 
thus  forms  a  resonator  which  can  be  quickly  and  completely  controlled. 
When  the  mouth  is  adjusted  so  as  to  produce  the  broad  A,  as  in  father^  it 
has  then  a  sort  of  funnel  shape,  with  the  wide  part  outward  ;  for  O,  as  in 
more^  the  effect  is  like  that  of  a  bottle  with  a  wide  neck  ;  and  for  U,  as  in 
poor^  it  is  that  of  a  similar  bottle  with  a  narrow  neck.  For  the  other  vowels, 
such  as  A,  £,  and  I,  the  effect  is  as  if  the  bottle  were  prolonged  by  a  tube, 
formed  by  contracting  the  tongue  against  the  palate. 

If  now,  while  the  mouth  is  adjusted  for  the  position  in  which  it  could 
utter  the  vowel  U,  on  successively  holding  different  vibrating  tuning-forks  in 
front  of  it,  only  that  emitting  the  note  /  will  be  found  to  be  reinforced  by 
the  enclosed  column  of  air  vibrating  in  unison  with  it  This  is  accordingly 
the  characteristic  note  of  that  vowel ;  in  like  manner  b'  is  the  note  for  O, 
and  b'^  for  that  of  A.  The  other  vowel  sounds,  such  as  I,  have  a  higher  and 
lower  characteristic  note ;  thus  those  of  A  as  in  day  are  d  and  a'",  oi  \yf 
and  ^^.  In  most  cases,  however,  the  deeper  notes  have  but  little  influence. 
260.  VMrveytloii  of  sounds.    The  ear. — The  organ  of  hearing  in  man 

consists  of  several  stnic- 
tures ;  the  external  ear 
(fig.  216)  by  which  the 
sound  is  collected  and 
transmitted  through  the 
auditory  passage,  a,  to 
the  drum  or  tympanum^  L 
This  is  a  delicate  tightly 
stretched  membrane  or 
skin  which  separates  the 
outer  ear  from  the  middle 
ear  or  tympanic  cavity. 
This  is  a  cavity  in  the 
temporal  bone  in  which 
are  several  small  bones 
whose  dimensions  are 
^  '♦^-  ^  '"•  considerably  exaggerated 

in  the  figure.  One  of  these,  the  hamtner^  d^  is  attached  at  one  end  to  the 
drum^  and  at  the  other  is  jointed  to  the  anvii^  e  :  the  latter  is  connected  by 
means  of  the  stirrup  bone,  /,  to  the  ova/  windcnu,  an  aperture  closed  by  a 
fine  membrane  and  which  separates  the  tympanic  cavity  from  the  labyrinth. 
The  tympanic  cavity  is  also  connected  by  the  Eustachian  tube,  b,  with  the 
cavity  of  the  mouth,  so  that  the  air  in  it  is  always  under  the  same  pressure. 

The  labyrinth  is  a  complicated  structure  filled  with  fluid  ;  it  is  entirely  of 
bone,  with  the  exception  of  the  oval  window  already  mentioned  and  the 
round  ii'indo7v,  o.  The  labyrinth  consists  of  three  parts  :  the  7'estibuU^ 
which  is  closed  by  the  oval  window  ;  the  three  semicircular  canals,  k  ;  and 
the  spiral-shaped  cochlea  or  snail-shell,  s.     This  is  separated  throughout  its 
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entire  length  by  a  division  partly  of  bony  projection  and  partly  of  membrane ; 
the  upper  part  of  this  division  is  connected  with  the  vestibule,  and  therefore 
with  the  oval  window,  while  the  lower  part  is  connected  with  the  round 
window.  In  the  labyrinthine  fluid  of  this  part  the  termination  of  the  auditory 
nerve  is  spread,  the  other  end  leading  to  the  brain. 

The  membranous  part  of  this  diaphragm  is  lined  with  about  3,000 
extremely  minute  fibres,  which  are  the  terminations  of  the  acoustic  nerve  n. 
Each  ol  these,  which  are  called  Cortfs  fibres^  seems  to  be  tuned  for  a 
particular  note  as  if  it  were  a  small  resonator.  Thus  when  the  vibrations  of 
any  particular  note  reach  these  fibres,  through  the  intervention  of  the  stirrup 
bone  and  the  fluid  of  the  labyrinth,  one  fibre  or  set  of  fibres  only  vibrates  in 
aoison  with  this  note,  and  is  deaf  for  all  others.  Hence  each  simple  note 
only  causes  one  fibre  to  vibrate,  while  compound  notes  cause  several  ;  just 
as  when  we  sing  with  a  piano,  only  the  fundamental  note  and  its  harmonics 
tibrate.  Thus,  however  complex  external  sounds  may  be,  these  microscopic 
fibres  can  analyse  it  and  reveal  the  constituents  of  which  it  is  formed. 

261.  ZBtsrfiBrenoe  ofsoniid. — If  two  waves  of  sound  of  the  same  length 
proceed  in  the  same  direction,  and  if  they  coincide  in  their  phases,  they 
strengthen  one  another  ;  if,  however,  their  phases  differ  by  half  a  wave-length 
they  neutralise  each  other,  and  silence  is  the  result.  This  is  called  the  inter- 
ffrence  0/  sound. 

It  may  be  illustrated  by  a  number  of  experiments,  of  which  that  repre- 
sented in  fig.  217  is  one  of  the  simplest  and  most  convenient.  Two  T-shai>ed 
class  tubes,  oba4:  and  n^df,  are 
'■ormected  at  one  end  by  a 
::i07X  india-rubber  tube  ad, 
*hile  at  the  other  ends  they 
Art  connected  by  a  long  ^^ 
r,dia-rubber  tube,  cqf.  The 
tvA  o  provided  with  a  caout- 
■  houc  tu^x:  is  held  in  one 
*Ar.  the  other  ear  being 
.>^-d,  and  a  tuning-fork  is 
-.•-Dde»l  in  front  of  the  long  free  tube,  7irs.  If  the  length  of  the  india-rubber 
' L'/t  t.'t/^  half  the  wave-length  of  the  note  produced  by  the  fork,  the  sounds 
* .«  reach  the  ear  in  completely  opposite  phases  ;  they  will  accordingly 
t:*-:riii>e  each  other  and  no  sound  will  be  heard.  Hut  if  this  india-rubber  tube 
:^  cl'-»>ed  by  pinching  it,  the  note  is  at  once  heard.  If  the  tuning-fork  *;ives 
•:.»:  n-Jte*.',,  the  note  it  produces  makes  528  vibrations  in  a  second,  and  the 
•:r-^-.h  of  the  tube  should  be  34  centimetres. 

2^i2.  S«mtB. —  If  the  notes  are  different  and  are  not  quite  in  the  same 
pr:i.^,  they  alternately  weaken  and  strengthen  each  other  ;  they  are  said  to 
vj/  wiih  one  another.  This  may  be  explained  as  follows  :  Suppose  AH,  in 
* .:.  2 1 3,  to  be  a  row  of  particles  transmitting  the  sound  :  suppose  the  vibra- 
•  i7.»  prrKJucing  the  one  note  to  be  indicated  by  the  continuous  curved  line; 
•.".ta,  on  the  one  hand,  the  ordinates  of  the  different  points  of  AH  give  the 
•.•:.<>':i:ies  with  which  those  points  arc  simultaneously  moving,  and,  on  the 
'■•"r.tr  hand,  each  point  will  have  successively  the  different  velocities  rcpre- 
^i'.tdby  the  successive  ordinates.     In  like  manner  let  the  dotted  line  show 
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the  vibrations  which  produce  the  second  note.  And,  for  the  sake  of  distinct- 
ness,  suppose  the  number  of  vibrations  in  a  second  producing  the  former 
note  to  be  to  tiiat  producing  the  latter  in  the  ratio  of  3  :  2.  Now  let  us  con- 
sider any  point  which 
when  at  rest  occupies 
the  position  N  ;  draw 
the  ordinate,  cutting 
the  former  cur\'c  in  P 
and  the  latter  in  Q. 
If  the  notes  were 
sounded  separately,  * 
the  velocity  of  N  at  a 
Fig.  2,9.  given  distance    pro- 

duced by  the  former 
note  would  be  PN,  and  that  of  N  at  the  same  instant  produced  by  the  latter 
note  would  be  QN.  Consequently,  as  they  are  sounded  together,  the  actual 
velocity  of  N  at  the  given  instant  is  the  sum  of  these,  or  PN  +  QN.  If  at 
the  same  instant  we  consider  the  point  n^  its  velocity  will  consist  of  pn  and 
nq  jointly,  but,  as  these  are  in  opposite  directions,  its  actual  amount  will  be 
pn  -  nq.  Hence  the  actual  velocity  resulting  from  the  co-existence  of  the  two 
notes  will  be  indicated  by  the  curve  in  fig.  219,  whose  ordinates  equal  the 
(algebraical)  sum  of  the  corresponding  ordinates  of  the  two  curves  in  fig. 
218  ;  that  is,  if  AN,  A«, .  .  .  represent  equal  distances  in  both  figures,  the 
curve  is  described  by  taking  RN  equal  to  PN  +  QN,  ;7»  equal  to  pn^qm^ 
and  so  on.  This  curve  shows  by  its  successive  ordinates  the  simultaneous 
velocities  of  the  different  particles  of  AB,  and  the  successive  velocities  com- 
municated to  the  drum  of  the  ear.  An  inspection  of  the  figure  will  show 
that  the  velocities  are  first  great,  then  small,  then  great,  and  so  on,  the  drum 
being  first  moved  rapidly  for  a  short  time,  then  for  a  short  time  nearly  brought 
to  rest,  and  so  on.  In  short,  the  effect  of  the  beating  of  notes  on  the  car, 
as  compared  with  that  of  a  continuous  note,  is  strictly  analogous  to  the  effect 
produced  on  the  eye  by  a  flickering,  as  compared  with  a  steady,  light. 

It  may  be  proved  that  when  two  simple  notes  are  'produced  by  m  and  n 
double  vibrations  per  second,  they  produce  m  —  n  beats  p>er  second  ;  thus,  if 
C  is  produced  by  128,  and  D  by  144,  double  vibrations  per  second,  on  being 
sounded  together  they  will  produce  16  beats  per  second.  It  has  been  ascer- 
tained that  the  beats  produced  by  two  notes  are  not  audible  unless  the  ratio 
///  :  n  is  less  than  the  ratio  6  :  5.  Hence,  in  the  case  represented  by  fig.  218, 
though  the  alternations  of  intensity  exist,  they  would  not  be  audible.  .\lso, 
if  the  notes  have  very  different  intensities,  the  intensity  of  the  beat  is  vcr>* 
much  disguised. 

It  is  found  that  when  beats  are  fewer  than  10  per  second  or  more  than  70 
per  second  they  arc  disagreeable,  but  not  to  the  extent  of  producing  discord. 
Heats  from  10  to  70  per  second  may  be  regarded  as  the  source  of  all  discord 
in  music,  the  maximum  of  dissonance  being  attained  when  about  30  beats 
are  produced  in  a  second.  For  example,  if  t  and  B  are  sounded  together 
the  effect  is  very  discordant,  the  interval  between  those  notes  being  16  :  i> 
so  that  the  beats  are  audible,  and  the  number  of  beats  p>er  second  being  id 
On  the  other  hand,  if  C,  E,  and  G  are  sounded  together  there  is  no  dtsso- 
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nance  ;  but  if  C,  E,  G,  B  are  sounded  together  the  discord  is  very  marked, 
since  C  produces  Cy  which  is  discordant  with  B.  It  will  be  remarked  that 
C,  £,  G  is  a  major  triad,  while  E,  G,  B  is  a  minor  triad. 

A  compound  musical  note,  being  composed  of  simple  notes  represented 
b\'  I,  2,  3,  4,  5,  6,  7,  &c.,  does  not  give  rise  to  any  simple  notes  capable  of 
producing  an  audible  beat  up  to  the  seventh— the  sixth  and  seventh  are  the 
first  that  produce  an  audible  beat.  It  is  for  this  reason  that  there  is  no 
trace  of  roughness  in  a  compound  note,  unless  the  seventh  harmonic  be 
audible. 

If  wc  were  to  represent  graphically  a  compound  note,  we  should  proceed 
to  construct  a  curve  out  of  simple  notes  of  different  intensities  in  the  same 
manner  as  fig.  219  is  constructed  from  two  simple  notes  of  equal  intensity 
represented  by  fig.  218.  It  is  evident  that  the  resulting  curve  will  take 
6J&Ttxit  forms  according  to  the  presence  or  absence  of  different  harmonics 
and  their  different  intensities  ;  in  other  words,  the  quality  or  timbre  of  the 
Botes  produced  by  different  instruments  will  depend  upon  the  form  of  the 
%-ibrations  producing  the  sound. 

Beats  not  too  fast  to  be  readily  counted  arise  between  adjacent  notes  in 
the  lower  octaves  of  large  organs.  They  are  also  met  with  in  the  sounds 
of  church  bells,  and  in  those  emitted  by  telegraph  wires  when  vibrating 
fn.AerfuIly  in  a  strong  wind.  They  are  heard  very  distinctly  in  the  latter 
case  by  pressing  one  ear  against  a  telegraph-post  and  closing  the  other. 

liy  means  of  beats,  the  notes  emitted  by  two  musical  instruments  may  be 
'jT'.u^'ht  into  vcr>'  accurate  unison,  by  continuing  the  tuning  until  the  beats 
c  -appear.  In  order  to  make  tuning-forks  produce  the  normal  number  of 
i.:^\;r)raii<»ns,  an  auxiliary  tuning-fork  is  used  which  makes  436  vibrations  ; 
'--a  h  *A  the  forks,  under  experiment  must  then  make  with  this  4  beats  in  a 
>e:rT.d,  which  can  be  controlled  with  ver>'  great  accuracy. 

2^3.  Combinational  notes. — Besides  the  beats  produced  when  two 
r.-.u-r.-al  notes  are  sounded  together,  there  is  another  and  distinct  pheno- 

■  T.-in,  which  maybe   thus  described  :    -Suppose  two  simple  notes  to  be 

■  ::  ...laneoubly  produced  by  ;/  and  /;/  vibrations  per  second.  It  has 
*:*'.  shown  by  Helmholtz  that  they  generate  a  scries  of  other  notes.     The 

;'  ---ipal  one  of  these,  which  may  be  railed  the  diffcraitial  noti\  is  produced 
J-;  ;;  -/;;  vibrations  per  second.  Its  intensity  is  usually  very  small,  but  it  is 
■:  t!  nrtiy  audible  in  beats.  It  has  been  called  the  i^nn'c  harmonic^  as  its 
p:  h  i-i  ;,'erjcrally  much  lower  than  th;it  of  the  notes  by  which  it  is  generated. 
-  :..is  been  supp)osed  to  be  caused  by  the  beats  becoming  loo  numerous  to 
'''•ci-*.ir.::ui>hed, and  coalescing  into  a  continuous  sound,  and  this  su])positi()n 
1'  .jLtenanced  by  the  fa^t  that  its  pitch  is  the  same  as  the  Ixat  number. 
''\':  ■uj'p«->sit:<^»n  is  shown  to  be  crrr)neous,  t'lrst,  by  the  existence  of  the 
"^  ^T-tntia!  tones  for  intervals  that  do  not  beat  :  and,  secondly,  by  the  fact 
*"r.  LTiiltr  certain  circumstances,  both  the  brats  and  the  differeniial  tones 
:■ .:;  ^Ai  heard  together. 

:^4.  Tbe  pbysloal  constltatlon  of  musical  cbords.  Let  us  suppose 
•  ^  ■•■  .->''jnd  notes  to  Ix:  sounded  together,  say  C  and  <i,  then  we  obtain 
*".  ■  .-er'c?  f.f  notes  each  consisting  of  a  ])riniary  and  i;^  harmonics,  namely, 
•■:•:.'■•.  r:^'  .;  ^y  4,  the  two  serie>,  4.  v^,  12,  16.  .  .  .  and  6,  12,  i<S,  24,  »Jv:c.  Now, 
if,  :.-a:t.td  of  producing  the  two  notes  C  and  (i,  wc  had  sounded  the  octave 
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below  C,  we  should  have  produced  the  series,  2,  4,  6,  8,  10,  12,  14,  16,  18 
&c.  It  is  plain  that  the  two  former  series  when  joined  differ  from  the  last  in 
the  following  respects : — {a)  The  primary  note  2  is  omitted,  {b)  In  the  case 
of  the  last  series,  the  consecutive  notes  continually  decrease  in  intensity ; 
whereas  in  the  two  former  series,  4  and  6  are  of  the  same  intensity,  8  is  of 
lower  intensity,  but  the  two  12's  will  strengthen  each  other,  and  so  on.  (r) 
Certain  of  the  harmonics  of  the  primary  2  are  omitted  ;  for  example,  10,  14, 
&c.,  do  not  occur  in  either  of  the  two  former  series.  In  spite  of  these  dif- 
ferences, however,  the  two  compound  notes  affect  the  ear  in  a  manner  very 
closely  resembling  a  single  compound  note  :  in  short,  they  coalesce  into  a 
single  note  with  an  artificial  colour.  It  may  be  added  that  in  the  case  above 
taken  C  and  G  produce  as  a  combination  note  2  (that  is  6  -  4),  so  that^ 
strictly  speaking,  the  2  is  not  wanted  in  the  series  produced  by  C  and  G^ 
only  it  exists  in  very  diminished  intensity.  The  same  explanation  will 
apply  to  all  possible  chords  ;  for  example,  in  the  case  of  the  major  chord, 
C,  E,  G,  we  have  a  note  of  artificial  colour  expressed  by  the  series  of  simple 
tones,  4,  5,  6,  8,  10,  12,  15,  16,  18,  &c,  together  with  the  combination  notes» 

I,  I,  2.  It  will  be  remarked  that  in  the  whole  of  this  series  there  are  no  dis- 
sonant notes  introduced,  except  15,  16,  and  16,  18,  and  this  dissonance  will 
be  inappreciably  slight,  since  15  is  the  third  harmonic  of  5,  and  16  the 
fourth  harmonic  of  4,  so  that  their  intensities  will  be  different,  as  also  will  be 
the  intensities  of  16  and  18.  On  the  other  hand,  nearly  all  the  notes  which 
form  a  natural  compound  note  are  present,  namely,  there  are  i,  2,  4,  5,  6,  8 
10,  12,  &c.,  in  place  of  i,  2,  3,  4,  5,  6,  7,  8,  9,  10,  11,  12,  &c.  In  short,  the 
major  triad  differs  only  from  a  natural  compound  note  in  that  it  consists  of 
a  series  of  simple  notes  of  different  intensities,  and  omits  those  which,  by 
beating  nith  the  neighbouring  note,  would  produce  dissonance  ;  for  example 
7,  which  would  beat  with  6  and  8  ;  9,  which  would  beat  with  8  and  10  ;  and 

I I,  which  would  beat  with  10  and  12.  It  is  this  circumstance  which  renders 
the  major  chord  of  such  great  importance  in  harmony.  If  the  constituents 
of  the  minor  chord  are  similarly  discussed,  namely,  three  compound  tones 
whose  primaries  are  proportional  to  10,  12,  15,  it  will  be  found  to  differ  from 
the  major  chord  in  the  following  principal  respects  :  {a)  The  primary  of  the 
natural  tone  to  which  it  approximates  is  very  much  deeper  than  that  of  the 
corresponding  major  chord,  {b)  It  introduces  the  differential  rxox^s^  2,  3,  5* 
which  form  a  major  chord.  Now  it  has  already  been  remarked  that  when  a 
major  and  minor  chord  are  sounded  together,  they  are  distinctly  dissonaht ; 
for  example,  when  C,  E,  G,  A  are  sounded  together.  Accordingly,  the  fact 
of  the  differential  notes  forming  a  major  chord  shows  that  an  elementary 
dissonance  exists  in  cver>'  minor  chord. 
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CHAPTER   IV, 

/IONS  OF  STRFICHED  STRINGS  AND  OF  COLUMNS  OF  AIR. 

^..^,  inbvtttt*B«  of  slrliaff** — By  a  string  is  meant  the  string  of  a 
ticaJ  instrument,  such  as  a  violin,  which  is  stretched  by  a  certain  force, 
ily  of  catgut^  or  is  a  metal  wire.  The  vibrations  which 
c  may  be  either  transverse  or  longitudinal^  but  practically 
lilone  important.  Transverse  vibrations  may  be  produced 
>>^w  across  the  string,  as  in  the  case  of  the  viohn  :  or  by 
%om%  tbc  string,  2a  in  the  case  of  the  pianoforte ;  or  by  pulling  it  trans- 
a^,  aadtiien  letting  it  go  suddenly,  as  in  the  case  of  the  guitar  and  harp* 
366k.  BiB>Mnter> — The  sonometer  is  an  apparatus  by  which  ihe  trans- 
rat  vibntions  of  strings  may  be  studied.     It  is  also  called  the  nwnockord^ 


Fig.  ««a» 

bKone  klias  often  only  one  string.  In  addition  to  the  string,  it  consists 
if^tlita  wooden  bon  which  has  the  effect  of  strengthening  the  sound  \  this 
9  iaei  \ff  prcseniin^  a  Tar  larger  area  to  the  air  than  the  string  itself, 
Om  1^  there  mre  two  fUed  bridges,  A  and  D  (fig.  220},  over  which  and 
•w  Ite  pulley  «v,  passes  the  string,  which  is  usually  a  metal  wire.  This 
k  iuietted  at  one  end,  and  stretched  at  the  other  by  weights,  P,  which  can 
be  "mi  II  ■in!  at  mil  By  means  of  a  third  movable  bridge,  B,  the  length  of 
^■a  paftjon  of  the  wire  which  is  to  be  put  in  vibration  can  be  altered  at 

967.  SM»  •€  f^«  trmiuvarao  vitiratloBs  of  AtHiiss.--lf  /  be  the 
hnHib  of  »  ^fTiRiJ— that  is,  the  vibrating  part  between  two  bridges,  A  and  B 
(fii,  330)--r  the  radius  of  the  string,  d  its  density,  P  the  stretching  weight, 
ad  •  die  munlicr  of  vibrations  per  second,  it  is  found  by  calculation  that 

•  --La/-     ;  »  bcinit  the  ratio  of  the  circumference  to  the  diameter,  g 

^  acnlntioa  of  gravity. 
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The  above  formula  expresses  the  following  laws  : — 

I.  The  stretching  weight  or  tension  being  constant^  the  number  of  vibrar 
tions  in  a  second  is  inversely  as  the  length, 

II.  The  number  of  vibrations  in  a  second  is  inversely  as  the  diameter  of 
the  string, 

III.  The  number  of  vibrations  in  a  second  is  directly  as  the  square  root  of 
the  stretching  weight  or  tension. 

IV.  The  number  of  vibrations  in  a  second  of  a  string  is  inversely  as  the 
square  root  of  its  density. 

These  laws  are  applied  in  the  construction  of  stringed  instruments,  in 
which  the  length,  diameter,  tension,  and  material  of  the  strings  are  so 
chosen  that  given  notes  may  be  produced  from  them. 

268.  Bzpeiimental  ▼erilloatloB  of  tlie  laws  of  tlie  trmnsTorse  Tltett- 
tioB  Of  strlAffs. — Law  of  the  lengths.  In  order  to  prove  this  law,  we  may 
call  to  mind  that  the  relative  numbers  of  vibrations  of  the  notes  of  the  ganiiit 
are 

CDEFGABc 

.  9  5  4  S  5  IS.. 
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If  now  the  entire  length  of  the  sonometer  be  made  to  vibrate,  and  then,  by 
means  of  the  bridge  B,  the  lengths  J,  |,  f,  |,  |,  j'^,  |,  which  are  the  inverse  ol 
the  above  numbers,  be  successively  made  to  vibrate,  all  the  notes  of  the 
gamut  are  successively  obtained,  which  proves  the  first  law. 

Law  of  the  diameters.  This  law  is  verified  by  stretching  upon  the  sono- 
meter two  cords  of  the  same  material,  the  diameters  of  which  are  as  3  to  2, 
for  instance.  When  these  are  made  to  vibrate,  the  second  cord  gives  the 
fifth  above  the  other  ;  which  shows  that  it  makes  three  vibrations  while  the 
first  makes  two. 

Law  of  the  tensions.  Having  placed  on  the  sonometer  two  identical 
strings,  they  are  stretched  by  weights  which  are  as  4  :  9.  The  second  now 
gives  the  fifth  of  the  first,  from  which  it  is  concluded  that  the  numbers  of 
their  vibrations  arc  as  2  :  3  ;  that  is,  as  the  square  roots  of  the  tensions.  If 
the  two  weights  are  as  16  to  25,  the  major  third  or  \  would  be  obtained. 

Law  of  the  densities.  Two  stringy  of  the  same  radius,  but  different 
densities,  are  fixed  on  the  sonometer.  Having  been  subjected  to  the  same 
^stretching  weight,  the  position  of  the  movable  bridge  on  the  denser  one  is 
altered  until  it  is  in  unison  with  the  other  string.  If  then  r/and  d'  arc  the 
densities  of  the  two  strings,  and  /  and  /'  the  lengths  which  vibrate  in  unison, 

we  find  ,=— ^;     Hut  as  we  know  from  the  first  law  that  ,,«.",we  hav-e 
/'     sjd'  /'    n 

tt       ///* 
,=  ^      ,  which  verifies  this  law.     Thus  if  a  copper  wire,  whose  density  is  9, 

and  a  catgut  string  of  the  density  i,  are  of  equal  length  and  diameter,  and 
are  stretched  by  the  same  weight,  the  vibrations  of  the  copf>er  wire  will  be 
one-third  as  rapid  as  those  of  the  string. 

269.  wodes  and  loops. — Let  us  suppose  the  string  AD  1  fig.  220}  to  begin 
vibrating,  the  ends  A  and  D  being  fixed,  and  while  it  is  doing  so,  let  a  point 
I^  be  brought  to  rest  by  a  stop,  and  let  us  suppose  I)B  to  be  one-third  part 
of  AD.   The  part  DB  must  now  vibrate  about  B  and  D  as  fi.xed  points  in  the 


lAdicAtcdby  the  coniinuous  and  dotted  lines  (fig.  221) ;  now  all  parts 
same  siring  tend  to  make  a  vibration  in  the  same  time  ;  accordingly  the 
between  A  and  H  will  not  perform  a  single  vibration,  but  will  divide  into 
at  ihc  point  C,  and  vibrate  in  the  manner  shown  in  the  figtire.  If  BD 
oioc -fourth  part  of  AD  (fig.  222),  the  part  AD  would  be  subdivided  at 
C  aj>d  C  into  three  vibrating  portions  each  equal  to  BD.  The  points  B,  Q  C' 
aie  called  mnies  or  frndai points  ;  the  middle  point  of  the  part  of  the  string 
between  any  two  consecutive  nodes  is  called  a  hop  or  veniral  segment.  It 
vtU  be  remarked  that  the  ratio  of  BD  :  BA  must  be  that  of  some  two  whole 
ibers,  ibr  example,  1  :  2,  i  :  3,  2  :  3,  &c.,  oiherwiire  "^he  nodes  cannot  be 
since  the  two  portions  of  the  string  cannot  then  be  made  to  vibrate 
Ibe  lame  time,  and  the  vibrations  will  interfere  with  and  soon  destroy  one 


If  DOW  we  refer  to  fig.  321,  the  escistence  of  the  node  at  C  can  be  easily 
by  bendiog  some  light  pieces  of  paper,  and  placing  them  on  the  string, 
^HQTtbfBe  pieces,  cine 
m  C  Jiid  the  others  Fig.  »^ 

i«pietivcly     mid-         d_ _j...-«—       -.c,-— -,^ 

^^9f  between  H  and 
C  and  between  C 
MdA.  The  one  at 
Cepehences  only 
aiiay  sii^bl  mot  Ion, 
lad  rcsutiis  in  its 
ftoce^tbeniby  prov- 
iif  tbe  esisience  of 
a  node  nl  C  ;  the 
«ick«r  two  are  vio* 
tedy  Onienn^  and 
la  noat  cniea  tlltown  o^  the  string. 


Whan  a  maiical  string  vibrates  between  fixed  points  A  and  B,  its  motion 
•  BIX  i|Bite  10  simptc  as  mij^ht  be  inferred  from  the  above  description.  In 
pilHaf  6ftCt^  pmtial  vibrations  are  soon  produced,  and  superimposed  upon 
te  prteafy  riUrations.  The  partial  vibrations  correspond  to  the  half^  third, 
&C*,  pans  of  the  string.  It  is  by  these  partial  vibrations  that  the 
( arc  produced  which  accompany  the  fundamental  note  due  to  the 
TTS  ;  they  are  usually,  however,  so  feeble  as  to  be  impercep* 
tiUer  ears. 

'Tfo^  ^rina  tnfttr^ments* — In  the  cases  hitherto  considered,  the  sound 
ri  mill  Hymd  thr  nf  solid  bodies,  and  the  air  only  serves  as  a  vehicle 

iv faasnuitinir  tbctTi.  in  wmd  instruments,  on  the  contrary,  when  the  sides 
4f  ibt  tabnare  of  adequate  thickness,  the  enclosed  column  of  air  is  the  sound- 
iaf  bodf.  In  lact,  the  substance  of  the  tubes  is  without  influence  on  the 
br>i1iiiaiitJl  nf>fe  *  with  equal  dimensions,  it  is  the  same  whether  the  tubes 
srof  fl«5  ,  or  of  metal.     These  different  materials  simply  do  no 

kni '^  :tdiflrcrcnl  harmonics,  and  thereby  impart  a  different 

to  the  compound  tone  produced. 
btieiB'Bice  to  the  manner  in  which  the  air  in  tubes  is  made  to  vibrate, 
are  dirided  into  mouth  instruments  and  reed  instruments. 


Fig.  223. 
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27 1.  iKoatli  tastrvmeBto.— In  mouth  instruments  all  parts  of  the  mouth- 
piece are  fixed.     Fig.  224  represents  the  mouthpiece  of  an  organ  pipe,  and 

fig.  223  that  of  a  whistle,  or  of  a  flageolet.  In  both 
figures,  the  aperture  ib  is  called  the  mouth ;  it  b 
here  that  air  enters  the  pipe  ;  b  and  o  are  the  Hfs^ 
the  upper  one  of  which  is  bevelled.  The  mouth- 
piece is  fixed  at  one  end  of  a  tube,  the  other  end  ol 
which  may  be  either  opened  or  closed.  In  fi^.  224 
the  tube  can  be  fitted  on  a  wind-chest  by  means  ol 
I  I         !  the  foot  P. 

J         /  When  a  rapid  current  of  air  enters  by  the  mooth, 

^~"'  it  strikes  against  the  upper  lip,  and  a  shock  is  pro- 

duced which  causes  the  air  to  issue  from  ^  in  an 
intermittent  manner.  In  this  way,  pulsations  are 
produced  which,  transmitted  to  the  air  in  the  pipe» 
make  it  vibrate,  and  a  sound  is  the  result.  In 
order  that  a  pure  note  may  be  produced,  there  most 
be  a  certain  relation  between  the  form  of  the  lip» 
and  the  magnitude  of  the  mouth ;  the  tube  also 
ought  to  have  a  great  length  in  comparison  with  its  diameter.  The  number 
of  vibrations  depends  in  general  on  the  dimensions  of  the  pipe,  and  the 
velocity  of  the  current  of  air. 

272.  Seed  instmineBts. — In  reed  instruments  a  simple  elastic  tongne 
sets  the  air  in  vibration.  The  tongue,  which  is  either  of  metal  or  of  wood,  \%> 
moved  by  a  current  of  air.  The  mouthpieces  of  the  oboe,  the  bassoon,  the 
clarionet,  the  child's  trumpet,  are  different  applications  of  the  reed,  wbich^ 
it  may  be  remarked,  is  seen  in  its  simplest  form  in  the  Jew's  harp.  Some 
organ  pipes  are  reed  pipes,  others  are  mouth  pipes. 

Fig.  225  represents  a  model  of  a  reed  pipe  as  commonly  shown  in 
lectures.  It  is  fixed  on  the  wind-chest  Q  of  a  bellows,  and  the  vibrations  of 
the  reed  can  be  seen  through  a  piece  of  glass,  E,  fitting  into  the  sides.  A 
wooden  horn,  H,  strengthens  the  sound. 

Fig.  226  shows  the  reed,  out  of  the  pipe.  It  consists  of  four  pieces  :  lst» 
a  rectangular  wooden  tube  closed  below  and  open  above  at  o ;  2nd,  a  copper 
plate  cc  forming  one  side  of  the  tube,  and  in  which  there  is  a  longitudinal 
aperture,  through  which  air  passes  from  the  tube  MN  to  the  orifice  o\  jn^ 
a  thin  elastic  plate,  /,  called  the  Umgtie,  which  is  fixed  at  its  upper  end,  and 
which  grazes  the  edge  of  the  longitudinal  aperture,  nearly  closing  it ;  4th,  a 
curved  wire,  r,  which  presses  against  the  tongue,  and  can  be  moved  up  and 
down.  It  thus  regulates  the  length  of  the  tongue,  and  determines  the  pitch 
of  the  note.  It  is  by  this  wire  that  reed  pipes  are  tuned.  The  reed  betng 
replaced  in  the  pipe  MN,  when  a  current  of  air  enters  by  the  foot  P,  the 
tongue  is  compressed,  it  bends  inwards,  and  affords  a  passage  to  air,  which 
escapes  by  the  orifice  o.  Hut,  being  elastic,  the  tongue  regains  its  original 
position,  and  performing  a  series  of  oscillations  successively  opens  and  dotes 
the  orifice.  In  this  way  sonorous  waves  result  and  produce  a  note,  whoae 
pitch  increases  with  the  velocity  of  the  current. 

In  this  reed  the  tongue  vibrates  alternately  before  and  behind  the  aper- 
ture, and  just  escapes  grazing  the  edges,  as  is  seen  in  the  harmonium,  con- 
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[c0tiit%  Jtc  ;  such  a  reed  is  called  a  free  rted.  But  there  a.re  other  reeds 
or  Mi9  iking  ritds^  in  which  the  tongue,  which  is  larger  than 
\  oHficCt  ftjikes  against  the  edges  at  each  oscillation.  The  reed  of  the 
,  repre^nted  in  fig.  227, 
rmample  of  this ;  it  is  kept 
41  ibi  place  by  the  pressure  of  the 
Tlie  reeds  of  the  hautboy 
m/L  bttSJiocMi  are  also  of  this  kind, 
173,  CM  Ike  notes  prodaced 
ly^  1^0  mmmm  pt|ie. — Daniel 
Benwailfi  discovered  that  the 
noe  OTjpji  pipe  can  be  made 
ti  field  31  succession  of  notes  by 
pnpoly  iraiyixig  the  force  of  the 
cw«p|  dC  air.  The  rt* suits  he 
nmd  M  may  be  thus  stated  :— 
L  If  tiMt  pipe  is  open  at  the 
od  dppociie  to  the  mouthpiece, 
ik^  dcAodng  the  fundamental 
itmm.  bf  I,  we  can,  by  gradually 
arrrmiifig  the  force  of  the  cur- 
ias cf  air,  obtaiD  successively 
^  vces  2,  5,  4,  5,  &C. ;  that  is 
»  Mf,  tl>e  karnumict  of  tlic 
iKile. 
ii  II  the  pipe  ts  ckised  at  tJie 

to  tbe  mouthpiece,  .         . 

the  fundamental 

■■e  ^  ft  «€  CM,  by  gradually  increasing  the  force  of  the  current  of  air, 
Ai^B  looceaaivety  the  notes  3, 5, 7,  &c. ;  that  is  to  say,  the  uneven  harmonics 

Vied  add  an  open  pipe  yield  the  same  fundamental  note,  if  the  closed 
^!f  the  lengtli  of  the  open  pipe,  and  in  other  respects  they  are  the  same. 
iae  it  b  Impossible  to  produce  from  the  given  pipe  a  note  not 
If  abiiwe  series  respectively, 

abore  lairs  arc  enunciated  with  reference  to  an  organ  pipe, 
tt  1^  of  any  other  pipe  of  uniform  section. 

«  and  loofvs  of  mn  or^ftii  ptpa- — The  vibrations  of 

,sical  note  take  place  in  a  direction  parallel  to  the  axis 

versely,  as  in  the  case  of  the  portions  of  a  vibrating 

I  n  ir.r  lornvrr  casc,  however,  as  well  as  in  the  latter,  the  phenomena 

.   and  loopt  may  be  produced.     But  now  by  a  n&de  must  be  under* 

*a  of  llic  column  of  air  contained  in  the  pipe,  where  the  particles 

t»  but  where  there  arc  rapid  alternations  of  atndensaiion  and 

a  l&€^  or  vcnirai  segment  must  be  understood  a  section  of 

'^mumed  in  the  pipe  where  the  vibrations  of  the  particles 

I  amptiludes,  and  where  there  is  no  change  of  density. 

^Itimn  of  air  are,  of  course,  made  at  right  angles  to  its 

u^    U  Wn  tiic  culuaia  of  air  is  divided  into  several  vibrating  portions,  it 
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is  found  that  the  distance  between  any  two  consecutive  loops  is  consts 
and  that  it  is  bisected  by  a  node.  We  can  now  consider  separately  the  ca 
of  the  open  and  closed  pipes. 

i.  In  the  case  of  a  stopped  pipe,  the  bottom  is  always  a  node,  for 
layer  of  air  in  contact  with  it  is  necessarily  at  rest,  and  only  underj^ 
variations  in  density.  At  the  mouthpiece,  on  the  Contrary,  where  the  air  1 
a  constant  density,  that  of  the  atmosphere,  and  the  vibration  is  at  its  nu 
mum,  there  is  always  a  loop.  In  any  stopped  pipe  there  is  at  least  one  n< 
and  one  loop  (fig.  228) ;  the  pipe  then  yields  its  fundamental  note,  and 


Tr 


d 


r 


r 


Fig.  228.        Fig.  229.        Fig.  230. 


Fig.  231.         Fig.  232.        F'ig.  «J3. 


distance  VN  from  the  loop  to  the  node  is  equal  to  half  a  condensed 
rarefied  wave-length. 

If  the  current  of  air  be  forced,  the  mouthpiece  always  remains  a  k 
and  the  bottom  a  node,  the  column  divides  into  three  equal  parts  (fig.  a: 
and  an  intermediate  node  and  loop  are  formed.  The  sound  produced  is 
first  harmonic.  When  the  second  harmonic  (5)  is  produced,  there  are  t 
intermediate  nodes  and  two  loops,  and  the  tube  is  then  subdivided  into  1 
equal  parts  (fig.  230),  and  so  on. 

ii.  In  the  case  of  the  open  pipe,  whatever  note  it  produces,  there  must 
a  loop  at  each  end,  since  the  enclosed  column  of  air  is  in  contact  with 
external  air  at  those  points.  When  the  primary  note  is  produced,  there  1 
be  a  loop  at  each  end,  and  a  node  at  the  middle  section  of  the  pipe,  the  na 
and  loops  dividing  the  column  into /ttv»  equal  parts  (fig.  231).  When  1 
first  harmonic  (2)  is  produced,  there  will  be  a  loop  at  each  end,  and  a  U 
in  the  middle,  the  column  being  divided  inio/our  equal  parts  by  the  ahem 
loops  and  nodes  (fig.  232).  When  the  second  harmonic  (3)  is  produced,  1 
column  of  air  will  be  divided  into  st.r  equal  parts  by  the  alternate  nodes  a 
loops,  and  so  on  (fig.  233).  It  will  be  remarked  that  the  successive  rmki 
of  division  of  the  vibrating  column  are  the  only  ones  compatible  m-ith  t 
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le  Ttcurrcncc  at  equal  intervals  of  nodes  and  loops,  and  with  the 
ce  of  a  loop  at  each  tnd  of  the  pipe, 
Thcr^  a/e  several  experiments  by  which  the  existence  of  nodes  and  loops 
can  be  shovro. 

(it)  If  m  fine  membrane  ts  stretched  over  a  pasteboard  ring,  and  has 
i^r^ikied  on  it  some  fine  sand,  tt  can  be  gradually  let  down  a  tube,  as  shown 
m  i|^*  5J&.  Now  suppose  the  tube  to  be  producing  a  musical  note.  As  the 
memSbrmac  descends,  it  wtU  be  set  in  vibration  by  the  vibrating  air.  But 
vIkii  it  rescues  a  node  it  will  cease  to  vibrate,  for  there  the  air  is  at  rest. 


r(i 


rf.^.?i_^ 


Fig.  3j<^. 


Kiif-  tij. 


♦    *  /  \\\*   >;rains  of  sand,  too,  will  be  at  rest,  and  their  quiescence 

.4''_  \\iK  p^^ihon  of  the  node.     On  the  other  hand,  when  the  mem- 

r  •   \a*.    a  '  -»]i     Tii;tt  is,  a  point  where  the  amplitude  of  the  vibrations 

-Ljf  rf:uii»v  .,  j)Mi  jnvum — it  will  be  violently  agitated,  as  will  be  shown 

:  ^tatioQ  oC  tl>e  grains  of  sand    And  thus  the  positions  of  the  loops 

I  rcadcs^  nmmfest* 

Apite*  suppose  a  pipe  to  be  constructed  with  holes  bored  in  one  of 
o»  «s4  iImsk  covered  by  Httle  doors  which  can  be  opened  and  shut,  as 
I  k  ig.  214.     Let  us  suppose  the  little  doors  to  be  shut  and  the  pipe  to 
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be  caused  to  produce  such  a  note  that  the  nodes  are  at  N  and  N'  and  the 
loops  at  V,  V,  V".  At  the  latter  points  the  density  is  that  of  the  external 
air,  and  consequently  if  the  door  at  \'  is  opened  no  change  is  produced  in 
the  note.  At  the  former  points,  N  and  N',  condensation  and  rarefaction  are 
alternately  taking  place.  If  now  the  door  at  N'  is  opened,  this  alternation 
of  density  is  no  longer  possible,  for  the  density  at  this  open  point  must  be 
the  same  as  that  of  the  external  air,  and  consequently  N'  becomes  a  loop, 
and  a  note  yielded  by  the  tube  is  changed.  The  change  of  notes,  produced 
by  changing  the  fingering  of  the  flute,  is  one  form  of  this  experiment. 

{c)  Suppose  A,  in  fig.  235,  to  be  a  pipe  emitting  a  certain  note,  and  sup- 
pose P  to  be  a  plug,  fitting  the  tube,  fastened  to  the  end  of  a  long  rod  by 
which  it  can  be  forced  down  the  tube.  Now  when  the  plug  is  inserted, 
whatever  be  its  position,  there  will  be  a  node  in  contact  with  it.  Conse- 
quently, as  it  is  gradually  forced  down,  the  note  yielded  by  the  pipe  will 
keep  on  changing.  But  every  time  it  reaches  a  position  which  was  occupied 
by  a  node  before  its  insertion,  the  note  becomes  the  same  as  the  note 
originally  yielded.  For  now  the  column  of  air  vibrates  in  exactly  the  same 
manner  as  it  did  before  the  plug  was  put  in. 

(d)  Fig.  237  shows  another  mode  of  illustrating  the  same  point,  which  is 
identical  in  principle  with  Konig's  manometric  flames.  The  figure  repre- 
sents an  organ  pipe,  on  one  side  of  which  is  a  chest,  P,  filled  with  coal  gas, 
by  means  of  the  tube  S.  The  gas  from  the  chest  comes  out  in  three  jets,  A, 
B,  C,  and  is  then  ignited.  The  manner  in  which  the  gas  passes  from  the 
chest  to  the  point  of  ignition  is  shown  in  the  smaller  figure,  which  is  an 
enlarged  section  of  A.  A  circular  hole  is  bored  in  the  side  of  the  pipe  and 
covered  with  a  membrane  r.  A  piece  of  wood  is  fitted  into  the  hole  so  as 
to  leave  a  small  space  between  it  and  the  membrane.  The  gas  passes  from 
the  chest,  in  the  direction  indicated  by  the  arrow,  into  the  space  between 
the  membrane  and  the  piece  of  wood,  and  so  out  of  the  tube,  ///,  at  the  mouth 
of  which  it  is  ignited.  Now  suppose  the  pipe  to  be  caused  to  yield  its 
primary  note,  then  as  it  is  an  open  pipe  there  ought  to  be  a  node  at  B, 
its  middle  point.  Consequently  there  ought  to  be  rapid  changes  of  density 
at  B  ;  these  would  cause  the  membrane,  r,  to  vibrate,  and  thereby  blow  cot 
the  flame,  w,  and  this  is  what  actually  happens.  If  by  increasing  the  force 
of  the  wind  the  octave  to  the  primary  note  is  produced,  B  will  be  a  loop, 
and  A  and  C  nodes.  Consequently  the  flames  at  A  and  C  will  now  be  ex- 
tinguished, as  is,  in  point  of  fact,  the  case.  But  at  B,  there  being  no  change 
of  density,  the  membrane  is  unmoved,  and  the  flame  continues  to  bum 
steadily. 

By  each  and  all  of  these  experiments  it  is  shown  that  in  a  given  pipe, 
whether  open  or  closed,  there  are  always  a  certain  number  of  nodes,  and 
midway  between  any  two  consecutive  nodes  there  is  always  a  loop  or  i^emtral 
segtnent, 

275.  VormalflB  relative  to  tlie  nmnber  of  Tlbratioiui  prodaoed  by  a 
masloal  pipe. — It  follows  from  what  has  been  said  that  the  column  of  air 
in  stopped  pipes  is  always  divided  by  the  nodes  and  loops  into  an  une\'eD 
number  of  parts  which  are  equal  to  each  other,  and  each  of  which  is  a  quarter 
of  a  complete  vibration  (figs.  228,  229,  and  230),  while  in  an  open  pipe  it  is 
divided  into  an  even  number  of  such  parts  (figs  231,  232,  233).     If  L  be  the 
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length  of  the  pipe,  /  the  wave-length  of  the  sound  which  it  emits,  and  p  any 

vhole  number,  then  for  stopped  pipes  we  have  L-(2/+i)--;   and  for 

4 

open  pipes  L  ■  2/-  ■-2-     Replacing  in  each  of  these  formulae  /  by  its  value 
4     2. 

-  (253)  we  have  L  '  (2/  +  i)~  and  L  -  ^  ;  from  which  for  stopped  pipes 
M  ^n  in 

we  have  n -  v  p-^  ')y  ^jj^j  ^^^  ^p^^  ^^^  ^  ^ pv 
4L  ^  2L 

H  in  the  first  formula,  ^-e  give  top  the  successive  values  o,  i,  2, 3,  4,  &c., 

me  have  it  •   ^,    ^\    ^,  that  is,  the  fundamental  sound  and  all  its  uneven 
4L     4L    4L 

hannonics ;  and  in  the  formula  for  the  open  pipe  we  get  similarly^,  ?^  23 

2L.  2L  2L 

kc^  that  is,  the  fundamental  note  and  all  its  harmonics  even  and  uneven. 

276.  aspUuuitlaB  of  ttf  esistonee  of  nodes  and  loops  In  a  mnsioal 

pips, — The  existence  of  nodes  and  loops  is  to  be  explained  by  the  co- 
existence in  the  same  pipe  of  two  equal  waves  travelling  in  contrary 
directions. 

Let  A  (fig.  238)  be  a  point  from  which  a  series  of  waves  sets  out  towards 
B.  and  let  the  length  of  these  waves,  whether  of  condensation  or  rarefaction, 


m' 


>?  AC.  CI),  DI5.     And  let  H  be  the  point  from  which  the  series  of  exactly 

^  ^-li  waves  sets  out  towards  A.     It  must  be  borne  in  mind  that  in  the  case 

la  -.'.avc  of  condensation  originating  at  A  the  particles  move  in  the  direc- 

:  n  A  to  H,  but  in  a  wave  of  condensation  originating  at  H  they  move  in  the 

i.rcction  li  to  A.    Now  let  us  suppose  that  condensation  at  C,  caused  by  the 

••»i\c  from  A,  begins  at  the  same  instant  that  condensation  caused  by  the 

•*i'.c  from   H  begins  at  D.     Consequently,  restricting  our  attention  to  the 

pirirlcs  in  the  line  CD,  at  any  instant  the  velocities  of  the  particles  in  CD 

i-'-  !n  the  former  wave  will  be   represented  by  the  ordinates  of  the  curve 

^:kT,  while  those  due  to  the  wave  from  B  will  be  represented  by  the  co- 

-r.riates  of  the  cur\'e  TQr.S.     Then,  since  the  waves  travel  with  the  same 

'  '^  ity.  and  are  at  C  and  D  respectively  at  the  same  instant,  we  must  have 

^Tir.y  subsequent  instant,  CR  equal  to  Dr.     If,  therefore,  N  is  the  middle 

V  iv.  U.twecn  C  and  D,  we  must  have  rN  equal  to  RN,  and  consequently 

:'N  •:«ijal  to  i^S  ;  that  is  to  say,  if  the  particle  at  N  transnutied  only  one 

./Mti on.  its  motion  at  each  instant  would  be  in  the  oj)p()site  phase  to  that 

t .:    motion  if  it  transmitted  only  the  other  vibration.     In  other  words,  the 

:ir...':t  N  will  at  every  instant  tend  to  be  moved  with  equal  velocity  in 

'.'^•^iic  directions  by  the  two  waves,  and  therefore  will  be  ptrmancntly  at 

■t^*..    That  point  is  therefore  a  node.     In  like  manner  there  is  a  node  at  N' 


....  Jt 

c       ^^Xj^"*"^ 
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midway  between  A  and  C,  and  also  at  N"  midway  between  B  and  D.  In 
regard  to  the  motion  of  the  remaining  particles,  it  is  plain  that  their  respec- 
tive  velocities  will  be  the  (algebraical)  sum  of  the  velocities  they  would  at 
each  instant  receive  from  the  waves  separately.  Hence,  at  the  instant  indi- 
cated by  the  diagram,  they  are  given  by  the  ordinates  of  the  curve  HNK. 
This  curve  will  change  from  instant  to  instant,  and  at  the  end  of  the  time 
occupied  by  the  passage  of  a  wave  of  condensation  (or  of  rarefaction)  from 
C  to  D  will  occupy  the  position  shown  by  the  dotted  line  hl^k.  It  is  evident 
therefore  that  particles  near  N  have  but  small  changes  o?  velocity,  whilst  those 
near  C  and  D  experience  large  changes  of  velocity. 

If  the  curve  HK  were  produced  both  ways,  it  would  always  pass  through 
N'  and  N";  the  part,  however,  between  N  and  N'  would  sometimes  be  od 
one  side,  and  sometimes  on  the  other  side  of  AB.  Hence  all  the  particles 
between- N'  and  N  have  simultaneously,  first  a  motion  in  the  direction  A  to 
B,  and  then  a  motion  in  the  direction  B  to  A,  those  particles  near  C  having 
the  greatest  amplitude  of  vibrations.  Accordingly  near  N  and  N'  there  will 
be  alternately  the  greatest  condensation  and  rarefaction. 

This  explanation  applies  to  the  case  in  which  AB  is  the  axis  of  an  open 
organ-pipe,  A  being  the  end  where  the  mouthpiece  is  situated  The  waves 
from  B  have  their  origin  in  the  reflections  of  the  series  of  waves  from  A.  In 
the  particular  case  considered,  the  note  yielded  by  the  pipe  is  that  indicated 
by  3  ;  that  is,  the  fifth  above  the  octave  to  the  primary  note.  A  similar  ex- 
planation can  obviously  be  applied  to  all  other  cases,  and  whether  the  end 
be  opened  or  closed.  But  in  the  latter  case  the  series  of  waves  from  the 
closed  end  must  commence  at  a  point  distant  from  the  mouthpiece  by  a 
space  equal  to  one  half,  or  three  halves,  or  five  halves,  &c.,  of  the  length  of 
a  wave  of  condensation  or  expansion. 

277.  Xnndt's  determination  of  tl&e  ▼elooltj-  of  soiuid. —  Kundt  has 
devised  a  method  of  determining  the  velocity  of  sound  in  solids  and  in 
gases  which  can  be  easily  performed  by  means  of  simple  apparatus,  and  is 
capable  of  great  accuracy.  A  glass  tube,  BB',  about  two  yards  long  (fig.  259^ 
and  two  inches  in  internal  diameter,  is  closed  at  one  end  by  a  mo\*able 
stopper,  b ;  the  other  end  is  fitted  with  a  cork,  KK,  which  tightly  grasps  a 
glass  tube,  A-V,  of  smaller  dimensions.  This  is  closed  at  one  end  by  a 
piston,  a,  which  moves  with  gentle  friction  in  the  outer  tube,  BB'.  Then  by 
rubbing  the  free  end  of  the  tube,  AA',  with  a  wet  cloth,  it  produces  longi- 
tudinal vibrations,  and  these  transmit  their  motion  to  the  air  in  the  tube  ah. 
If  the  tube  iib  contain  some  lycopodium  powder,  this  is  set  in  active  vibra- 
tion and  then  arranges  itself  in  small  patches  in  a  certain  definite  order  as 
represented  in  the  fij^^ure,  the  nature  and  arrangement  of  which  depend  on 
the  vibrating  part  of  the  rod  and  the  tube. 

These  heaps  represent  the  nodes,  and  the  mean  distance  d  between  them 
can  be  measured  with  great  accuracy  ;  it  represents  the  distance  between 
two  nodes,  or,  half  a  wave-length  ;  that  is,  the  wave-length  of  the  sound  in 
air  is  2ii.  If  the  rod  has  the  length  s  and  is  grasped  in  the  middle  by  the 
cork  KK,  from  the  law  of  the  longitudinal  vibrations  of  rods  (28i\the  wave- 
length of  the  sound  it  then  emits  is  twice  its  length,  or  2s.  That  is,  the 
wave-length  of  the  vibrating  column  of  air  is  to  that  in  the  rod  as.  zd :  2j. 
As  the  velocity  of  sound  in  any  body  is  equal  to  the  wave-length  in  that 
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body  multiplied  by  the  number  of  vibrations  in  a  second ;  and  since  th^ 
number  of  vibrations  is  here  the  same  in  both  cases,  for  the  note  is  the 
same,  the  velocity  of  sound  in  the  glass  is  to  the  velocity  of 
sound  in  air  as  isn  :  2dny  that  is,  as  x  :  ^.  Thus  when  the  glass 
tube  was  clamped  in  the  middle  by  KK,  so  that  the  length  (ib 
vas  equal  to  half  the  length  of  the  tube  AA^  the  number  of  the 
\-entral  segments  was  eight  This  corresponds  to  a  ratio  of 
vave-length  of  i  to  i6  ;  in  other  words,  the  velocity  of  sound  in 
',;ias5  is  1 6  times  that  in  air. 

The  method  is  capable  of  great  extension.  By  means  of 
the  stopcock  ///,  different  gases  could  be  introduced  instead  of 
lir.  and  corresponding  differences  found  for  the  length  of  the 
t'cntral  segments  ;  from  which,  by  a  simple  calculation,  the  cor- 
responding velocities  were  found.  Thus  the  velocities  of  sound 
in  carbonic  acid,  coal  gas,  and  hydrogen,  were  found  to  be 
-espcctively  o-8,  i  -6,  and  3*56  that  of  air,  or  nearly  as  the  inverse 
w^uares  of  the  densities. 

So  also  by  varying  the.  material  of  the  rod  AA',  different 
•docities  are  obtained.  Thus  the  velocity  in  steel  was  found  to 
be  15*24,  and  that  in  brass  10*87  that  of  air. 

Kundfs  Jigures  may  also  be  obtained  by  providing  glass 

•-Des  a  yard  or  two  in  length  with  lycopodium  powder,  as  in 

•hr  above  experiment,  and  hermetically  sealing  them  at  both 

-r.^ts.     The  tubes  are  then  put  into  longitudinal  vibrations  ;  in- 

•:cad  of  air  they  may  be  filled  with  hydrogen  or  any  other  gas. 

:'S.  Cbemleal   liannoaieon. — The   air   in   an   open   tube 

-y  -rf-  made  to  give  a  sound  by  means  of  a  luminous  jet  of 

/■"iro-jen,  coal  gas,  &c.     When  a  glass  tube  about    12  inches 

r.z  :i  held  over  a  lighted  jet  of  hydrogen  (fig.  240),  a  note  is 

produced,  which,  if  the  tube  is  in  a  certain  position,  is  the  funda- 

"=ental  note  of  the  tube.     The  sounds,  doubtless,  arise  from 

he  successive  explosions  produced  by  the  periodic  combina- 

•  on^  t.f  the  atmospheric  oxygen  with  the  issuing  jet  of  hydrogen. 

'^t  apparatus  is  called  the  chemical  harmomcon. 

Tr.e  note  depends  on  the  size  of  the  flame  and  the  length 
•  :he  tube  :  with  a  long  tube,  by  var)'ing  the  position  of  the  jet 
n  :h€  tube,  the  scries  of  notes,  in  the  ratio  1:2:3:4:5  is 
'V.kincd. 

If.  while  the  tube  emits  a  certain  sound,  the  voice  or  the  syren  (242) 
<  ^Tadually  raised  to  the  same  height,  as  soon  as  the  note  is  nearly  in 
'.vifjn  with  the  harmonicon,  the  flame  becomes  agitated,  jumps  up  and 
''i»n,  and  is  finally  steady  when  the  two  sounds  are  in  unison.  If  the 
"f  •€  of  the  syren  is  gradually  heightened  the  pulsations  again  commence  ; 
-•<>  are  the  optical  expressions  of  the  beats  (262)  which  occur  near  perfect 

If,  while  the  jet  burns  in  the  tube  and  produces  a  note,  the  position  of 

'".^  'ube  is  slightly  altered,  a  point  is  reached  at  which  no  sound  is  heard. 

•  'A  :hfr  voice,  or  the  syren,  or  the  tuning-fork,  be  pitched  at  the  note 

r'>i-.td  by  the  jet,  it  begins  to  sing,  and  continues  to  sing  even  after  the 
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syren  is  silent    A  mere  noise,  or  shouting  at  an  incorrect  pitch,  affects  the 
flame,  but  does  not  cause  it  to  sing. 

These  effects  may  be  conveniently  studied  by  means  of  a  gas-burner, 
over  which,  at  a  distance  of  four  inches,  a  ring  covered  with  fine  wire  gauze 
is  fixed.  The  gas  is  lighted  above  the  gauze,  and  forms  a  very  sensitive 
flame,  especially  when  a  moderately  wide  tube  is  held  over  the  gauze.  If 
the  gauze  is  raised  with  the  tube,  the  flame  becomes  duller  and  smaller,  bat 
begins  to  sound  with  a  uniform  loud  tone.  If  now  the  gauze  is  lowered  so 
that  the  flame  is  just  silent,  it  begins  at  once  when  any  noise  is  made,  but 
ceases  with  the  noise. 

279.  Stringed  inatmiiMBts. — Stringed  musical  instruments  depend  00 
the  production  of  transverse  vibrations.  In  some,  such  as  the  piano,  the 
sounds  are  constant,  and  each  note  requires  a  sepa- 
rate string ;  in  others,  such  as  the  violin  and  guitar, 
the  sounds  are  varied  by  the  fingering,  and  can  be 
produced  by  fewer  strings. 

In  the  piano  the  vibrations  of  the  strings  are  pro- 
duced by  the  stroke  of  the  hammer^  which  is  moved 
by  a  series  of  bent  levers  communicating  with  the 
keys.  The  sound  is  strengthened  by  the  vibratioiis 
of  the  air  in  the  sounding  board  on  which  the  strings 
are  stretched.  Whenever  a  key  is  struck,  a  dam^ 
is  raised  which  falls  when  the  finger  is  removed  from 
the  key,  and  stops  the  vibrations  of  the  correspood- 
ing  string.  By  means  of  a  pedal  all  the  dampers  can 
be  simultaneously  raised,  and  the  vibrations  then 
last  for  some  time. 

The  harp  is  a  sort  of  transition  from  the  instre- 
ments  with  constant  to  those  with  variable  sounds* 
Its  strings  correspond  to  the  natural  notes  of  the 
scale  ;  by  means  of  the  pedals  the  lengths  of  the 
vibrating  parts  can  be  changed,  so  as  to  produce 
sharps  and  flats.  The  sound  is  strengthened  by 
the  sounding-box,  and  by  the  vibrations  of  all  the 
strings  harmonic  with  those  played. 

In  the  violin  and  guitar  each  string  can  give  t 
great  number  of  sounds  according  to  the  length  of  the  vibrating  part,  which   * 
is  determined  by  the  pressure  of  the  fingers  of  the  left  hand  while  the  rigk 
hand  plays  the  bow,  or  the  strings  themselves.     In  both  these  instmmcots^ 
the  vibrations  are  communicated  to  the  upper  face  of  the  sounding  box,  bf 
means  of  the  bridge  over  which  the  strings  pass.     These  vibrations  are  cobk 
municated  from  the  upper  to  the  lower  face  of  the  box,  either  by  the  sides  or 
by  an  intermediate  piece  called  the  sound-post.    The  air  in  the  interior  h 
set  in  vibration  by  both  faces,  and  the  strengthening  of  the  sound  is  produced 
by  all  these  simultaneous  vibrations.     The  value  of  the  instrument  consift^ 
in  the  perfection  with  which  all  possible  sounds  are  intensified,  which  depends 
essentially  on  the  quality  of  the  wood,  and  the  relative  arrangement  of  tk 
parts. 

The  number  and  strength  of  the  harmonics  produced  ia  a  twitched  v 
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string  varies  with  the  manner  in  which  it  is  sounded  and  with  the 
ftaxure  ci  the  striiig.  The  sharper  the  edge  of  the  exciting  body  the  shorter 
and  bcDflider  are  the  waves,  and  therefore  the  higher  and  stronger  are  the 
lamooics  and  the  shriller  the  clang  ;  if  the  strings  are  struck  with  a  metal 

tbe  harmonics  are  so  predominant  that  the  fundamental  note  is  scarcely 
\  and  thus  what  is  called  an  empty  sound  is  produced.  The  tone  is 
when  stniclc  with  the  finger,  and  somewhat  less  so  with  a  soft  hammer, 
m  n  ibc  piano.  The  deeper  hamiooics  are  often  stronger  than  the  funda- 
wailal  note,  so  that  the  note  is  not  so  strong  but  is  richer ;  all  the  har- 
noakai  wbc>se  nodes  are  in  the  place  struck,  are  wanting.  If  a  string  is  struck 
ii  tfe  middle,  none  of  the  even  harmonics  are  producedf  and  therefore  all  the 
tdawe*  of  the  fundamental  note  are  wanting  ;  the  tone  is  nasal  and  hollow. 
Tlii  19  tlie  characleristic  of  a  note  which  is  wanting  in  the  harmonics  nearer 
aiifDOSf  allted  to  the  fundaiTiental  note.  If  the  string  is  struck  near  one  end, 
Urn  dai^  has  a  jingling  character.  The  piano  is  struck  at  about  one-seventh 
tf  fhe  leagth  of  the  string  ;  in  this  way  the  seventh  and  ninth  harmonicSt  which 
SKinbaniiiniic  with  each  other,  are  deadened,  white  the  deeper  harmonics — 
«saves»  fifths,  thirds— preponderate,  and  the  clang  is  rich  and  harmonious. 
Tie  higher  harmonics  fade  away  in  gut-strings  more  rapidly  than  with 
■aal ;  bcatce  the  guitar  and  the  harp  are  not  so  jingling  as  the  zither. 

sSoi  ^nnd  inatrainaata,— All  wind  instruments  may  be  referred  to  the 
JMbcnt  types  of  sounding  tubes  which  have  been  described.  In  some,  such 
ttlhr  citpn,  the  notes  arc  Jixed^  and  require  a  separate  pipe  for  each  note, 
the  notes  are  iHtriMe^  and  are  produced  by  only  one  tube  :  the 
&c.,  are  of  this  class, 

In  fte  orga.n  the  pipes  arc  of  various  kinds  ;  namely,  mouth  pip^s,  open 
wA  nopped,  and  reed  pipes  with  apertures  of  various  shapes.  By  means  of 
^tfa  the  organist  can  produce  any  note  by  both  kinds  of  pipe. 

Id  ^^/iuie^  the  mouthpiece  consists  of  a  simple  lateral  circular  aperture ; 
4e  Gorr^it  of  air  is  directed  by  means  of  the  lips,  so  that  it  gra2es  the  edge 
«f  the  afienftnL  The  holes  at  different  distances  are  closed  either  by  the 
fafui  or  bf  keys  ;  when  one  of  the  holes  is  opened,  a  loop  is  produced  in 
te  cundfwjtiding  layer  of  air,  which  modifies  the  distribution  of  nodes  and 
■opi  m  the  interior,  and  thus  alters  the  note.  The  whistling  of  a  key  is 
— iliilji  pfodoced. 

The  /mmJi^an  pipe  consists  of  tubes  of  different  sizes  corresponding  to  the 
Mkrent  note  of  the  gamut. 

\m  the  tiumpct,  the  horn,  the  trombone,  comet-h«piston,  and  ophicleide, 
tkelfp^  Ibrm  the  reed,  und  vibrate  in  the  mouthpiece.  In  the  korn^  dilTerent 
iOtti  are  pfoduced  by  altering  the  distance  of  the  lips.  In  the  trom^tu^ 
•t  put  of  the  tobc  slides  witliin  the  other,  and  the  performer  can  alter 
«  Mil  die  length  of  the  tube,  and  thus  prtxiuce  higher  or  lower  notes-  In 
^  imfmei*4^pittan  the  tut>c  forms  several  convolutions  ;  pistons  placed  at 
ttvnc  diHaocnt  can,  when  played,  cut  off  communication  with  other  paMs 
^^tahe;  and  thus  alter  the  length  of  the  vibrating  column  of  air 
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CHAPTER  V, 

VIBRATION  OF   RODS,    PLATES,  AND  MEMBRANES. 

28  r.  Vibration  of  rods.— Rods  and  narrow  plates  of  woodt  of  glass, 
and  especially  of  tempered  steel,  vibrate  in  virtue  of  iheir  elasticity  ;  like 
strings  they  have  two  kinds  of  vibrations,  longitudinal  and  transvtrs€.  The 
latter  are  produced  by  fixing  the  rods  at  one  end,  and  passing  a  bow 
over  the  free  part.  Longitudinal  vibrations  are  produced  by  fixing  ibe 
rod  at  any  part,  and  rubbing  it  lengthwise  with  a  piece  of  cloth   spnnklcd 

with  resin.  But  in  the  latter  case 
the  sound  is  only  produced  when 
the  point  of  the  rod  at  which  il 
has  been  fixed  is  some  aliquot  pan 
of  its  length,  as  a  half,  a  third,  or  a 
quarter. 

It  is  shown  by  calculoliofi 
ih€  Humbtr  0/  iransverst  m^i 
made  in  a  given  it  me  by  rwb  amd 
thin  plates  0/  the  same  kind  h 
directly  as  their  tkiekness  and  im* 
versely  as  tkesqmire  of  th^ir  Umgik. 
The  width  of  the  plate  doe»  not 
af!cct  the  number  of  vibraltocis*  A 
wide  plate,  howe\xr,  requirwi  A 
greater  force  to  set  it  in  motion  tlMB 
a  narrow  one,  1 1  is,  of  course,  tnwScr* 
stood  that  one  end  of  the  vibnUtOf 
plate  is  held  firmly. 

The  laws  of  the  longitudinal  vi- 
brations of  strings  are  expressed  ta 


the  formula  n 


2rl\/  U 


in  wbki 


^HP.        ny  r,  /,  dy  and  ^  hjive  ali  th# 

meaning  as  in  the  formula  Ieit  1 
transverse  vibrations,  whilr  /» b  the  ' 
modulus  of  elasticity  of  the  stnng, 
the   number   which  expresiei  lit 

weight   by  which   it  must   be  stretched  in  order  to  elongate  by  vtA  o«fl 

length  (84). 

Fig.  241  represents  an  mstrument  invented  by  Marloyc,  and  Icnonn  a*  , 

.\farloy^$  Aarp^  based  on  the  longiiudmiil  vibration  of  rods.     It  consists  di\ 

A  solid  wooden  pedestidy  in  which  are  fixed  twenty  thtn  deal  rodS| 
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coloured  and  others  white.  They  are  of  such  a  length  that  the  white  rods 
give  the  diatonic  scale,  while  the  coloured  ones  give  the  semitones  and 
complete  the  chromatic  scale.  The  instrument  is  played  by  rubbing  the 
rods  in  the  direction  of  their  length  between  the  finger  and  thumb,  which 
have  been  previously  covered  with  powdered  resin.  The  notes  produced 
resemble  those  of  a  pandaean  pipe. 

The  tuning-fork^  the  triangle^  and  musical  boxes^  are  examples  of  the 
transverse  vibrations  of  rods.  In  musical  boxes  small  plates  of  steel  of 
dinerent  dimensions  are  fixed  on  a  rod,  like  the  teeth  of  a  comb.  A  c)'linder 
« hose  axis  is  parallel  to  this  rod,  and  whose  surface  is  studded  with  steel 
teeth,  arranged  in  a  certain  order,  is  placed  near  the  plates.  By  means  of 
\  clockwork  motion,  the  cyluider  rotates,  and  the  teeth  striking  the  steel 
pUte  set  them  in  vibration,  producing  a  tune,  which  depends  on  the  arrange- 
3xnt  of  the  teeth  on  the  cylinder. 

If  a  given  rod  be  clamped  either  in  the  middle,  or  at  both  ends,  the 
ware-length  of  the  note  produced  by  making  it  vibrate  longitudinally  is 
doable  its  own  length  ;  and  if  it  be  clamped  at  one  end  only,  and  made  to 
ribrate  longitudinally,  the  wave-length  of  the  sound  is  four  times  its  ow^ 
length.  Thus  the  former  case  is  analogous  to  an  open  pipe,  and  the  latter  to 
a  stopped  pipe,  in  respect  of  the  sounds  produced. 

Chladni  determined  the  velocity  of  sound  in  solids  by  making  a  rod 
js.-npcd  at  one  end  vibrate  longitudinally,  and  producing  the  same  note 
:>  s/mnding  a  stopped  pipe.     The  lengths  of  the  rod  and  the  pipe  are  thus 
:::  the  same  ratio  as  the  velocities  in  sound  and  in  air. 

.Stefan  has  determined  the  velocity  of  sound  in  soft  bodies  by  attaching 
•i'T!.  in  the  form  of  rods,  to  long  glass  or  wooden  rods.  The  compound 
''vi  was  made  to  vibrate  and  the  number  of  vibrations  of  the  note  was  de- 
>rTn;ned.  Knowing  this  and  also  the  velocity  of  sound  in  the  longer  rod, 
"^t  -.tlociiy  in  the  shorter  rod  was  at  once  obtained.  By  this  method  some 
i  :r.e  numbers  in  the  table  in  article  235  were  obtained. 

scratching  and  scraping  sounds  are  produced  by  moving  a  rod  over  a 
^T.v^th  surface ;  the  rod  is  thereby  put  in  vibration,  which  vibrations  for 
t  i-or:  inter\al  are  regular,  but  frequently  change  their  period  during  the 
"■  *!'''ri, 

;'2.  ▼ttamtlOB  of  plates. —  In  order  to  make  a  plate  vibrate,  it  is  tixed 

•  -  '-entre  fij;.  242  ,  and  a  bow  rapidly  drawn  across  one  of  the  edges  ; 
.:*.r*:  it  i-  fixed  at  any  point  of  its  surface,  and  caused  to  vibrate  by 
•*:  .;>•  drawing;  a  string  covered  with  resin  against  the  ed^^^es  of  a  central 
'.  r   -.j:.  243  . 

'.".•^'ir'n;^  plates  contain  nodal  lines  (269^,  which  vary  in  number  and 
>^:  <r.  .v^ordin^  to  the  form  of  the  plates,  their  elasticity,  the  mode  of 
•  t-i'if'n,  and  the  number  of  vibrations.  The^c  nodal  lines  may  be  made 
■v.j:'-  by  covering  the  plate  with  tine  sand,  before  it  is  made  to  vibrate. 
*  -  -  -  .n  a^  the  vibrations  commence,  the  sand  leaves  the  vibrating  parts, 
"C  .I'.'iuniulates  on  the  nodal  lines,  as  seen  in  tigs.  242  and  243. 

'^.t  ^s  it  ion  of  the  n«»dal   lines  may  be  determined    by  touching  the 
'■*  v.-  ar  which  it  is  desired  to  produce  them.     Their  number  increases  with 

•  -.n.ber  of  vibrations  :  that  is,  as  the  note  given  by  the  pliites  is  higher. 
''■■':  '.  <al  lines  always  possess  ^reat  symmctr)-  of  form  and  the  same  form 
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is  always  produced  on  the  same  plate  under  the  same  conditions.     Tbe>^ 
were  discovered  by  Chladni, 

The  vibrations  of  plates  are  governed  by  the  following  law  : — Im  piaUs 
Q/ihe  same  kind  and  shape^  and  giving  the  same  system  of  nodal  Otus^  the 
itumber  of  znbraitons  in  a  second  is  directly  as  the  thickness  of  the  plates^  4 
inversely  as  their  area. 


Fig.«#a. 


i''ie-*43- 


Ccngs  and  cymbals  are  examples  of  instruments  in  which  sounds  wt 
produced  by  the  vibration  of  metal  plates.  The  glass  and  the  steel  karmih 
nicon  depend  on  the  vibrations  of  ;^lass  and  of  steel  plates  respectively. 

283.  ▼Ibrmtiim  of  membrftii0*.^ln  consequence  of  their  flexibility, 
membranes  cannot  vibrate  unless  they  are  stretched,  like  the  skin  of  a  dnmL 
The  sound  they  g^ive  is  more  acute  in  proportion  as  they  are  smaller 


rig.  ^^4^ 

more  tightly  stretched.     To  obtain  vibrating  membranes,  Saivmit 
gold-beater's  s\dn  on  wooden  frames. 

In  the  drum^  the  skins  are  stretched  on  the   ends  of  a  cytlndrictl) 
When   one  end  is  struck,  it  communicates  its  vibrations  to  the 
column  of  air,  and  the  sound  is  thus  considerably  strengthened.    The  < 
stretched  against  the  lower  skin  strike  against  it  when  it  nbrates^  tad  j 
duct  the  sound  characteristic  of  the  drum. 


Xtembranes  cither  vibrate  by  direct  percussion,  as  in  the  drum,  or  they 
be  set  tn  \  ibration  by  the  vibrations  of  the  air,  as  Savart  has  observed, 
ided  these  vibrations  arc  suflficiently  intense.     Fig.  244  shows  a  mem- 
irtbrmttog  under  the  influence  of  the  vibrations  in  the  air  caused  by 
bcU     Fine  sand  strewn  on  the  membrane  shows  the  formation 
tf  iiodat  lines  just  as  upon  plates. 

There  arc  numerous  instances  in  which  solid  bodies  are  set  in  vibration 
by  the  ribrattons  of  the  ajr.  The  condition  most  favourable  for  the  produc- 
lioB  of  this  phenomenon  is,  that  the  body  to  be  set  in  vibration  is  under 
«ch  conditions  tlial  it  can  readily  produce  vibrations  of  the  same  duration 
a  tlioee  tnmsmitted  to  it  by  the   ain     The  following  are  some  of  these 


If  two  vkiloiicello  strings  tuned  in  unison  are  stretched  on  the  same 
ioQid4Mix«  as  soon  as  one  of  them  is  sounded,  the  other  is  set  in  vibration. 
Thi%  m  also  the  case  if  the  interval  of  the  strings  is  an  octave,  or  a  perfect 
Mth,    A  violin  string  may  also  be  made  to  vibrate   by  sounding  a  tuning- 

Two  iMTgft  glasses  are  taken  of  the  same  shape,  and  as  nearly  as  possible 
ftf  the  saffie  dimensions  and  weighty  and  are  brought  in  unison  by  pouring 
■Mi  tiwm  proper  quantities  of  water.  If  now  one  of  them  is  sounded,  the 
«ter  begias  to  vibrate,  even  if  it  is  at  some  distance ;  but  if  water  be  added 
to  te  taftcf ,  it  ceases  to  vibrate. 

Bttguct  found  that  if  two  clocks,  whose  time  was  not  very  different, 
Bvtd  on  the  same  metallic  support,  they  soon  attained  exactly  the  same 


Mcoibrases  are  eminently  fitted  for  taking  up  the  vibrations  of  the  air, 
Miecomit  of  their  small  mass,  their  large  surface,  and  the  readiness  with 
'Hidl  tlbey  subdivide.  With  a  pretty  strong  whistle,  nodal  lines  may  be 
fwdoctd  bl  a  membrane  stretched  on  a.  frame,  even  at  the  distant  end  of  a 

IKie  fOOIQL 

The  phrnnmenon  so  easily  produced  in  easily-moved  bodies  is  also  found 
vbrp-  elastic  masses  ;  all  the  pillars  and  walls  of  a  church  vibrate 

Mttmm  ' ^         I ■  ■  ic  the  bcUs  are  beinjg  rung. 
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CHAPTER   VL 
GRAPHICAL   METHOD  OF  STUDYING  VIBRATORV  MOTIONS, 

284.  &i»saj  oufl*  metbod  of  mftMnir  Ftliratloiis  ftpp&reat. — The  mclhod 

of  Lissajous  exhibits  the  vibratory  motion  of  b(>dic5  tithcr  directly  or  by 
projcction  on  a  screen.  It  has  also  the  great  advantage  that  the  vibratocy 
motions  of  two  sounding  bodies  may  be  compared  wit/toui  ifu  nid  of  tk€  aflTt 
so  as  to  obtain  the  exact  relation  between  thenL 

This  method,  which  depends  on  the  persistence  of  visual  sensatioiu  00 
the  retina,  consists  in  fixing  a  small  mirror  on  the  vibrating  body^  so  as  to 
vibrate  with  it,  and  impart  to  a  luminous  ray  a  vibratory  motion  simdar  to 
its  own. 

Lissajous  uses  luntng-forks,  and  fixes  to  one  of  the  prongs  a  smtQ 
metallic  mirror,  m  (fig.  245},  and  to  the  other  a  counterpoise,  n^  which  b 
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necessary  to  make  the  tuning*fork  vibrate  regularly  for  a  long  time. 
few  yards'  distance  from  the  mirror  there  is  a  lamp  surrounded  by  a 
chimney,  in  which  is  a  small   hole  giving  a  single   tuminous  point.    Tb^ 
tuning-fork  being  at  rest,  the  eye  is  placed  so  that  the  luminous  point  ii  1 
at  f^     The  tuning-fork  is  then  made  to  vibrate,  and  the  image  ekn^gitci  It 
as  to  fonn  a  persistent  image,  <»»  which  diminishes  in  propoition  as  tlie 
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of  the  oscillation  decreases.     If,  during  the  oscillation  of  the 

ft  it  is  made  to  rotate  by  rotating  the  tuning-fork  on  its  axis,  a  sinuous 

,  «>»  is  produced  instead  of  the  straight  line  oL     These  different  effects 

Lined  by  the  successive  displacements  of  the  luminous  pencil,  and 

dttmtion  of  these  luminous  impressions  on  the  eye  after  the  cause 

tet    CMlfd — a    phenomenon    to   which    we    shall   revert    in    treating    01 

If  instead  of  viewing   these  effects  directly,  they  are  projected  on  a 
Ki^eci&i  Che  eacperimcnt  is  arranged  as  shown  in  fig.  246,  the  pencil  reflected 


rig.  94<^ 

tihtlfibwiting  ntlrror  is  reflected  a  second  time  from  the  fixed  mirror,  nu 
tends  it  loarards  an  achromatic  lens,  /,  placed  so  as  to  project  the 
1 00  the  fcreco* 

niwIlilMlltoli  9f  two  vibratory  motloiis  to  the  Bame  illrootloii*- 
\  resoh^  the  problem  of  the  optical  combination  of  two  vibrator) 
J  at  first  in  the  same  direction,  and  tlicn  at  right  angles  to 

Fi|f,  247  represents  the  experiment  as  arranged  for  combining  twci 
?>nW  aolipiis.  Two  tuning*forks  provided  with  mirrors  arc  so  arranged 
^tlle%|il  reelected  from  one  of  them  reaches  the  other,  which  is  almost 
l>Qfld  fia  tt,  umI  b  then  sent  towards  a  screen  after  having  passed  through 

Ifanwtlic  first  ttining -fork  alone  vibrates,  the  image  on  the  screen  is 
^  mmt  as  in  %titc  247  ;  but  if  they  both  vibrate,  supposmg  they  are  in 
^M^ilie  doo^tkici  increases  or  diminishes  according  as  the  simultaneous 
^itiiBi  tofttrted  to  the  image  by  the  vibrations  of  the  mirrors  do  or  do  not 
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If  the  tuning-forks  pass  their  position  of  equilibrium  in  the  same  i 
and  in  the  same  directiont  the  image  attains  its  maximum  ;  and  the  im 
is  at  its  minimum  when  ihey  pass  at  the  same  time  but  In  opposite  dii 
lions.  Between  these  two  extreme  cases,  the  amplitude  of  the  image  va 
according  to  the  time  which  elapses  between  the  exact  instant  at  which 
tuning-forks  pass  through  their  position  of  rest  respectively.     The  ratic 


.- 1--' 


Fig.  a47. 

this  lime  to  the  lime  of  a  double  vibration  is  called  a  difference  pf  j 
the  vibration. 

If  the  tuning-forks  are  exactly  in  unison,  the  luminous  appearance  oo 
acreen  experiences  a  gradual  diminution  of  length  in  proportion  as  theun 
tude  of  the  vibration  diminishes  ;  but  if  the  pitch  of  one  is  very  little  altei 
the  magnitude  of  the  image  varies  periodically,  and,  whilr    !     '    its  restilt 


from  the  imperfect  harmony  are  distinctly  heard,  the  eye  sees  the 
lanl  pulsations  of  the  image, 

286.  Oiitlo«l  eomUlJittUoD  of  two  Tf  bratorj  mottoBO  mt  rtcM  wmm 
to  oneh  otbor, —  The  optical  combination  of  two  rectangular  vihnKfr 
motions  is  effected  as  shown  in  figure  248  ;  that  is«  by  means  of  two  itiftii 
forks,  one  of  which  is  horizontal  and  the  other  vertical*  and  both  \ 
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If  ihc  horizontal  fork  first  vibrates  alone,  a  horiiontal  lummous 
libit  li  fMO  on  the  screen,  while  the  vibration  of  the  other  produces 
mtk^  im^igc^  If  both  tuning-forks  \'ibrate  simultaneously,  the  two  mo- 
ms COOlbbief  aiid  the  reflected  pencil  describes  a  more  or  less  complex 
mPC^  tbe  forni  of  which  depends  on  ihc  number  of  vibrations  of  the  two 
M|g-forlcs  in  a  given  time.  Tliis  curve  ^ives  a  valuable  means  of  com- 
\  llie  OOiDber  of  vibrations  of  two  sounding  bodies. 


■  ■■■ 


Hfc  349  ^>o«s  the  luminous  image  on  the  screen  when  the  tuning  forks 
IMimitOfi ;  that  is,  when  the  number  of  vibrations  is  equal. 

Hm  factioo9  below  each  curve  indicate  the  differences  of  phase  between 
iKm.  Tilt  initial  form  of  the  curve  is  determined  by  the  difference  of  phase. 
\  fttiliu  exactly  the  %^m^  form  when  the  tuning  forks  are  m  unison, 
i  that  the  amplitudes  of  the  two  rectangular  vibrations  decrease  in 
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forks  are  not  quite  tn  unison,  the  initial  difference  of  phase 
^m  pwju  I  tdf  and  the  cun*e  posses  through  all  its  variations. 

1%.  250  repreaaoU  the  d liferent  appearances  of  the  luminous  image 
4a  Ihe  ^ftmca  between  the  tuning-forks  is  an  octave  ;  that  is,  when  the 
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»auic€,  that  oflTiunder,  or  the  rcix>rt  of  a  cannon.  Il  consists  of  an  ellip- 
idal  barrel,  AB,  about  a  foot  and  a  ha!f  long  and  a  foot  in  its  greatest 
iDicteTt  iTwde  of  plaster  of  Paris.  The  end  A  b  open,  but  the  end  B  is 
IBcd  \rf  a  solid  bottom,  to  the  middle  of  which  is  fixed  a  brass  tube  a^  bent 
ftB  cIIkiw  and  terminated  by  a  ring  on  which  is  fixed  a  flexible  membrane 
icli  by  means  of  a  second  ring  can  be  stretched  to  the  required  amount. 
Bvthe  centre  of  the  membrane,  fixed  by  sealing-wax»  is  a  hog's  bristle, 
icb  acts  as  a  style,  and,  of  course,  shares  the  movements  of  the  membrane, 
unler  that  the  style  shall  not  be  at  a  n&de^  the  stretching  ring  is  fined 
lb  a  movable  piece,  1,  or  subdhndtr,  which,  being  made  to  touch  the 
mbnuae  6nt  at  one  point  and  then  at  another,  enables  the  experimenter 
rilcr  die  Bfrangemcnts  of  the  nodal  lines  at  will.  By  means  of  the  sub- 
Pite^  the  point  is  made  to  coincide  with  a  loop  ;  that  is,  a  point  where  the 
naHocis  of  Ute  membrane  are  at  a  maximum. 

When  a  sound  is  produced  near  the  apparatus,  the  air  in  the  ellipsoid, 
I  flieiiibrane,  and  the  style  will  vibrate  in  unison  with  it,  and  it  only 
pyOBS  to  trace  on  a  sensitive  surface  the  vibrations  of  the  style,  and  to 
limn.  For  this  purpose  there  is  placed  in  front  of  the  membrane  a  brass 
^&BdcT;  C,  Imnti^  round  a  honzontal  axis  by  means  of  a  handle,  m.     On 
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!'  ^  irote^e^l  axis   of  the  cylinder  a  screw  is  cut  which  works  in  a  nut  ; 
^'^UfKiit:  the  handle  is  turned,  the  cylinder  gradually  advances 

[•Af  ^let:....,  .  :  .,i  axis.     Round  the  cylinder  is  wrapped  a  sheet  of  paper 
^^WBd  with  a  thin  layer  of  lampblack. 

7^  apfHiratUit  is  used  by  bringing  the  prepared  paper  into  contact  with  the 
^■it  of  the  style,  and  then  setting  the  cylinder  in  motion  round  its  axis.  So 
■^  at  na  aoimd  \%  heard  the  style  remains  at  rest,  and  merely  removes  the 
Mftiadkaioflg  aline  which  is  a  helix  on  the  c>'l)nder,  but  which  becomes 
pa^fdit  vhm  the  paper  is  unwrapped.  Hut  when  a  sound  is  heard^  the 
and  the  style  vibrate  in  unison,  and  the  line  traced  out  is  no 
stfmiglit,  but  undulates  ;  each  undulation  corresponding  to  a  double 
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vibration  of  the  style.     Consequently  the  figures  thus  obtained  laithfiiU) 
denote  the  number,  amplitude,  and  isochronism  of  the  vibrations. 

Fig.  253  shows  the  trace  produced  when  a  simple  note  is  sung,  and 
strengthened  by  means  of  an  upper  octave.  The  latter  note  is  represented 
by  the  cur\*c  of  lesser  amplitude.  Fig.  254  represents  the  sound  produced 
jointly  by  two  pipes  whose  notes  differ  by  an  octave.     The  lower  line  of  6g- 

255  represents  the  rolling  sound  of  the  letter  R  when  pronounced  with  a 
ring. 

The  upper  line  of  fig,  255  represents  the  perfectly  isochronous  vibratioos 
of  a  tuning-fork  placed  near  the  ellipsoid.  This  line  was  traced  by  a  fiQe 
point  on  one  branch  of  the  fork,  which  was  thus  found  to  make  exactly  j 
vibrations  per  second.  Hence,  each  undulation  of  the  upper  line  cor 
to  the  g|^  part  of  a  second  ;  and  thus  these  lines  become  very  exact  me 
of  measuring  short  intervals  of  time.  For  example,  in  fig.  255  each  of  the 
separate  shocks  producing  the  rolling  sound  of  the  letter  R  corresponds  to 
about  18  double  vibrations  of  the  tuning-fork^  and  coasequently  lasts  about 
^  or  about  ^^  of  a  second. 

2S8.  Xtinlff'tf  nuuioinetrlc  flmmdi.— Konig's  method  consists  in  trans- 
mitting the  motion  of  the  waves  which  form  a  sound  to  gas  flamesi  wbidi^ 
by  their  pulsations,  indicate  the  nature  of  the  sounds.     For  this  purpose  1 
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metal  capsule^  represented  in  section  at  A,  6g.  356^  is  divided  iato  two  ooi^ 
partments  by  a  thin  membrane  of  caoutchouc  ;  on  the  right  af  the  ligQII 
is  a  gas  jet,  and  below  it  a  tube  conve>'ing  coal  gas  ;  on  the  left  »  a  tallt* 
lure,  to  which  may  be  attached  a  caoutchouc  tube.    The  other  end  ol  ihk 
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long  as  the  flame  bums  steadily  there  appiears  in  the  mirror,  when  turned,  a 
continuous  band  of  light.  But  tf  the  capsule  is  connected  with  a  sounding 
tube  yielding  the  fundamental  note,  the  image  of  the  flame  takes  the  form 
represented  in  fig.  257,  and  that  of  the  figure  258  if  the  sound  yields  the 
octave.  If  the  two  sounds  reach  the  capsule  simultaneously,  the  flame  has 
the  appearance  of  fig,  259  ;  in  that  case,  however,  the  tube  leading  tu  the 
capsule  must  be  connected  by  a  T-pipe  with  two  sounding-tubes^  one  giving 
the  fundamental  note,  and  the  other  the  octave.  If  one  gives  the  funda- 
mental note  and  the  other  the  third^  the  flame  has  the  appearance  of  figure 
260. 

if  the  vowel  E  be  sung  in  front  of  the  mouthpiece  first  upon  r,  and  then 


rfwwn^ 


Fig.  j67. 

upon  i\  the  ninatmg  mirror  gives  the  flames  represented  in  figs,  261 
262* 

289.  Hetannljtatioii  of  the  Intensltj  of  Boiia^. — Meyer  has  devived 

a  plan  by  which  the  intensities  of  two  sounds  of  the  same  pitch  may  be 
directly  compared.  The  two  sounds  arc  separated  from  each  other  by  a 
medium  impervious  to  sound,  and  in  front  of  each  of  iliem  is  a  rcsonaoca 
globe  255)  accurately  tuned  to  the  sound.  Each  of  tJiese  rescmaQce  globs 
is  attached  by  means  of  caoutchouc  tubes  of  cquaJ  length  10  the  two  ends  d  | 
«\  U  tube,  in  the  middle  of  the  bend  of  which  is  a  tiiirtl  tube  provided  witli  i  ' 
manometric  capsule. 

If  the  resonance  globes  are  each  at  the  same  distance  from  the  \ 
bodies,  and  if  the  note  of  only  one  of  them  is  produced   iTir  fl  .mr  %'ii3 
If  both  sounds  arc  produced,  and  they  are  of  the  sam^  1  iu 

vame  phase,  they  interfere  completely  in  the  tube,  so  i.^^   .m,.  naniti  of  1 
manometric  capsule  is  quite  stattonar)%  and  appears  m  the  turning  mtrrori 
a  straight  luminous  band* 

If^  however,  the  sounds  are  not  of  the  same  intensity,  the  tnte 
will  be  incomplete,  and  the  luminous  band  will  be  jagged  tiX  the  ed|^. 
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distance  of  one  of  the  sounds  from  the  resonance  globes  is  altered  until  the 
name  is  stationary.  The  intensities  of  the  two  sounds  are  thus  directly  as 
*Lhe  squares  of  their  distances  from  the  resonators. 

^>o.  Acoostle  attraetlon  and  repulsion. — It  was  observed  by  Guyot, 
jzA  afterwards  independently  by  Guthrie  and  by  Schellbach,  that  a  sound- 
rg  body,  one  in  a  state  of  vibration  therefore,  exercises  an  action  on  a 
>-x:y  in  its  neighbourhood  which  is  sometimes  one  of  attraction  and  some- 
-.-.es  of  repulsion.  The  vibrations  of  an  elastic  medium  attract  bodies 
•hch  are  specifically  heavier  than  itself,  and  repel  those  which  are  specific- 
\L\  lighter.     Thus  a  balloon  of  goldbeater's  skin  filled  with  carbonic  acid 

•  -::racted  towards  the  opening  of  a  resonance-box  on  which  is  a  vibrating 
•--  r.^.fork  ;  while  a  similar  balloon  filled  with  hydrogen  and  tied  douTi  by 

■  "read  is  repelled.     This  result  always  follows,  even  when  the  hydrogen 
...■»-jn  is  made  heavier  than  air  by  loading  it  with  wax. 

.\  '.i^ht  piece  of  cardboard  suspended  and  held  near  a  tuning-fork  moves 
'  •  ^riis  it  when  the  fork  is  made  to  vibrate.  If  the  tuning-fork  is  suspended 
- .:  .5  then  made  to  vibrate,  it  moves  towards  the  card  if  the  latter  is  fixed. 
T-  ■  suspended  tuning-forks  in  a  state  of  vibration  move  towards  each 
"rr.     The  flame  of  a  candle  placed  near  the  end  of  a  sounding  tuning- 

■  ..  ^  :is    repelled  if  held  near  it :  if  held  underneath  it  was  flattened  out 
-  i.ic.     A  gas  flame  near  the  end  of  the  tuning-fork  was  divided  into  two 

jThrie  finds  that  when  one  prong  of  a  tuning-fork  is  inclosed  in  a  tube 
-*.l  with  a  capillar>' tube  dipping  into  a  li(juid  and  is  set  in  vibration 
v-.n;^  the  free  prong,  the  air  around  the  enclosed  prong  is  expanded, 
-:  -  -.  :r.encc  concludes  that  the  approach,  above  described,  of  a  suspended 
•  :he  >ounding-fork,  is  due  to  the  diminution  of  the  pressure  of  the 
-  *  *  ecn  the  fork  and  the  body  below  that  on   the  other  side  of  the 

.  - :  rtsonators  of  glass  or  metal  arc  repelled  when  brought  near  the 

.-  .  'z'  ^'\   of  I*   tuning-fork,  vibrating   in   unison  with   the   resonators. 

■  -    ;  .:..all  mill  with  four  arms,  each  provided  with  a  small  resonator,  is 

.  :•  tT  The  open  end  of  the  sounding-box,  the  repulsion  is  so  strong  as 

:-  -: .  •;  a  uniform  rotation. 

r  '.:•.-  phenomena  do  not  seem  to  be  due  to  the  aspirating  action  of  cur- 

---■.    :'   i.r.  rior  are  they  caused  by  any  heating  effect  :  and  it  must  be  con- 

-.  -  .  ■•..-tt  the  phenomena  require  further  elucidation  :  they  are  of  special 

--  — *  •  i-  furnishing  a  possible  clue  to  the  solution  of  the  problem  of  aitrac- 

XdisoB's  Vbonocrapb. — Edison  ha>  devised  an  ai)paratus  for  repro- 
..      .    f.^rA.  which  is  equally  remarkable  for  the  simplicity  of  its  conslruc- 

•  -.  .-  :  :'■  r  the  striking  rharacter  of  the  results  uhich  it  produces. 

:  ,-  z*r.  represents  a  mouthpiece  K,  which  is  dosed  by  a  thin  elastic 
r-  .       -r.      I:y  means  of  a  spring  a  ««mall  steel  point,  n)unded  at  the  end,  is 

■  ":.  i!  •:.*  ■■a'-k  of  the  disc  :  thib  point  gently  pre^M^  a;;ainst  the  surface 
-  •  -.-       :  ■  v.hi'-.h  il  transfers  the  vibrations  r)f  the  di-'   by  the  inter\eniion 

1  i  '.  f.:c-  of  india-rubber  tubini;.     Anriiher  sin.tll  piece  of  tubing  helps 

■  :-■-:'.'.  '"'.c  '.ibrations  of  the  spring  itself.  This  arr.in;;emeni  is  repre- 
r*---  :  ■-.  i    tr^-er  scale  in  fig.  264. 
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The  tinfoil  is  placed  on  the  circumference  of  a  long  cylinder  C»  on  the 
surface  of  which  is  a  very  accurately  constructed  spiral  groove,  the  threads 


Fig,   afj> 

being  about  y'^  of  an  inch  apart.  The  cylinder  works  on  a  screw  /\A',  the 
thread  of  which  is  the  same  as  that  on  the  cylinder ;  it  is  turned  by  ^ 
handle  M,  the  motion  being  regulated  by  a  large  Ay* 
whceL  There  is  also  an  arrangement  ht'm  by  which 
the  position  of  the  mouthpiece^  and  its  pressure  agaiiisi 
the  tinfoil,  may  be  adjusted. 

WTien  the  disc  is  made  to  vibrate,  by  spealdQg  or 
singing  into  the  mouthpiece,  while,  at  tlie  same  time,  the 
cylinder  is  turned  with  a  uniform  motion,  a  series  of 
dots  or  indentations  arc  produced  upon  the  tinfoil, 
which,  being  a  non-clastic  substance,  retains  them. 
If  now  the  part  which  the  mouthpiece  plays  he  re» 
F«.  364,  versed,  the  indented  tinfoil  can  be  used  to  reprodncc 

Uie  sound.  This  is  best  effected  by  having  a  special 
mouthpiece  of  larger  size,  with  a  diaphragm  of  similar  construction.  THil 
is  so  adjusted  that  the  point  is  made  to  work  along  the  indentations  {a 
the  groove,  this  sets  the  diaphragm  in  vibrations,  and  these  being  commtiDi^ 
cated  to  the  air  by  the  mouthpiece  reproduce  the  sound.  For  loudness^ 
thin  elastic  membrane  is  best,  while  for  distinctness  a  stouter  rigid  plate  1 
preferable. 

In  this  way  sound  has  been  reproduced  so  as  to  be  audible  to  a 
audience  ;  the  articulation  is  distinct  though  feeble  ;  it  rcprrniuces 
quality  of  the  person's  voice  who  speaks  into  it,  but  with  a  nasaj  inlonati(»a. 
Speech  may  thus  be  treasured  up  on  a  sheet  of  imfoil  and  kept  for  an  inde- 
finite period ;  the  sound  may  be  reproduced  more  than  once  by  means  of 
its  tinfoil  register,  but  after  the  second  reproduction  the  strength  is  grtaffr 
diminished. 

If  the  velocity  of  rotation  is  greater  than  before,  the  pitch  of  the  spwK* 
is  altered  ;  and  if  it  is  not  uniform,  then,  in  the  case  of  a  song,  the  rcj 
tion  is  incorrect.     In  order  to  produce  a  uniform  velocity,  clockwork  tnftf| 
used. 

There  is  great  difference  in  the  distinctness  with  which  the  %'ahou»  ctA* 
sonants  and  vowels  are  reproduced ;  the  j,  for  instance^  is  very  difliciilL 
If  the  phonograph  be  rotated  in  the  reverse  direction,  the  Individual  letter 
retain  their  character*  but  the  words  as  well  as  the  letters  are  reproduced^ 
the  reverse  order. 
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If  the  instnnnent  be  reset  to  the  starting-point  of  the  phonographic 
record  of  a  song,  and  be  again  sung  into,  it  will  reproduce  both  series  of 
sounds,  as  if  two  persons  were  singing  at  the  same  time  ;  and  by  repeating 
the  same  process,  a  third  or  fourth  part  may  be  added,  or  one  or  more 
instrnmental  parts. 

The  impressions  on  the  tinfoil  appear  at  first  sight  as  a  series  of  successive 
points  or  dots,  but  when  examined  under  a  microscope  they  are  seen  to  have 
a  distinct  fonn  of  their  own.  When  a  cast  is  taken  by  means  of  fusible 
metal,  and  a  longitudinal  section  made,  the  outline  closely  resembles  the 
lagged  edge  of  a  Kdnig's  flame.  According  to  Edison's  statement,  as 
many  as  40,000  words  can  be  registered  on  a  space  not  exceeding  10  square 
inches. 

The  i^ionograph  has  been  used  by  Jenkins  and  King  for  the  analysis  of 
Tocal  sounds,  for  which  purpose  it  is  better  suited  than  Kdnig's  flames. 
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ON  HEAT. 


CHAPTER   I. 
PRELIMINARY  IDEAS.      THERMOMETERS. 

292.  Beat.  BjpotliesU  as  to  its  nature. — In  ordinary  lan^ 
term  heat  is  used  not  only  to  express  a  particular  sensation,  but  al 
scribe  that  particular  state  or  condition  of  matter  which  produces  tl 
tion.  Besides  producing  this  sensation,  heat  acts  variously  upon  b 
melts  ice,  boils  water,  makes  metals  red-hot,  produces  electrical 
decomposes  compound  bodies,  and  so  forth. 

Two  theories  as  to  the  cause  of  heat  have  been  propounded :  1 
the  theory  oj  emission^  and  the  theory  of  undulation. 

On  the  first  theory,  heat  is  caused  by  a  subtle  imponderable  flu 
surrounds  the  molecules  of  bodies,  and  which  can  pass  from  one 
another.  These  heat  atmospheres^  which  thus  surround  the  molecu 
•a  repelling  influence  on  each  other,  in  consequence  of  which  hea 
opposition  to  the  force  of  cohesion.  The  entrance  of  this  substano 
bodies  produces  the  sensation  of  warmth,  its  egress  the  sensation  ot 

On  the  second  hypothesis  the  heat  of  a  body  is  caused  by  an  c 
rapid  oscillating  or  vibratory  motion  of  its  molecules  ;  and  the  hottc 
are  those  in  which  the  vibrations  have  the  greatest  velocity  and  the 
amplitude.  At  any  given  time  the  whole  of  the  molecules  of  a  bod] 
a  sum  of  vis  viva^  which  is  the  heat  they  contain.  To  increase  their 
ture  is  to  increase  their  vis  viva  ;  to  lower  their  temperature  is  to 
their  vis  viva.  Hence,  on  this  view,  heat  is  not  a  substance  but  a  < 
of  matter^  and  a  condition  which  can  be  transferred  from  one  body  to 
WTien  a  heated  body  is  placed  in  contact  with  a  cooler  one  the  form 
more  molecular  motion  than  it  receives ;  but  the  loss  of  the  form< 
equivalent  of  the  gain  of  the  latter. 

It  is  also  assumed  that  there  is  an  imponderable  elastic  ether,  wl 
vadcs  all  matter  and  infinite  space.     A  hot  body  sets  this  in  rapid  v 
and  the  vibrations  of  this  ether  being  communicated  to  material  ob 
them  in  more  rapid  vibration  ;  that  is,  increase  their  temperature, 
have  an  analogy  with  sound  ;  a  sounding  body  is  in  a  state  of  vibrat 
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its  ▼ibratkos  are  transmitted  by  atmospheric  air  to  the  auditory  apparatus 
in  which  is  produced  the  sensation  of  sound. 

This  hypothesis  as  to  the  nature  of  heat  is  now  admitted  by  the  most 
distinguished  physicists.  It  affords  a  better  explanation  of  all  the  phenomena 
aC  heat  than  any  other  theory,  and  it  reveals  an  intimate  connection  between 
heat  and  light.  It  will  be  subsequently  seen  that  by  the  friction  of  bodies 
against  each  other  an  indefinite  quantity  of  heat  is  produced.  Experiment 
has  shoH-n  that  there  is  an  exact  equivalence  between  the  motion  thus  dc- 
stroyed  and  the  heat  produced.  These  and  many  other  facts  are  utterly 
inexplicable  on  the  assumption  that  heat  is  a  substance,  and  not  a  form  of 
motion. 

In  what  follows,  however,  the  phenomena  of  heat  will  be  considered,  as 
hr  as  possible,  independently  of  either  hypothesis ;  but  we  shall  subsequently 
recum  to  the  reason  for  the  adoption  of  the  latter  hypothesis. 

Assuming  that  the  heat  of  bodies  is  due  to  the  motion  of  their  particles, 
ve  may  admit  the  following  explanation  as  to  the  nature  of  this  motion  in 
the  various  forms  of  matter  : — 

In  solids  the  molecules  have  a  kind  of  vibratory  motion  about  certain 
iied  positions.  This  motion  is  probably  very  complex  ;  the  constituents  of 
ihe  molecule  may  oscillate  about  each  other,  besides  the  oscillation  of  the 
iDoIecule  as  a  whole  ;  and  this  latter  again  may  be  a  to-and-fro  motion,  or  it 
may  be  a  rotatory  motion  about  the  centre.  In  cases  in  which  external 
forces,  such  as  violent  shocks,  act  upon  the  body,  the  molecules  may  per- 
Cincntly  acquire  fresh  positions. 

In  the  liquid  state  the  molecules  have  no  fixed  positions.  They  can 
rotate  about  their  centres  of  gravity,  and  the  centre  of  gravity  itself  may 
iDo\e.  But  the  repellent  action  of  the  motion,  compared  with  the  mutual 
anraction  of  the  molecules,  is  not  sufficient  to  separate  the  molecules  from 
each  father.  A  molecule  no  longer  adheres  to  particular  adjacent  ones  ;  but 
::  dfics  not  spontaneously  leave  them  except  to  come  into  the  same  relation 
5'>  fresh  ones  as  to  its  previous  adjacent  ones.  Thus  in  a  liquid  there  is  a 
iVratory,  rotatory,  and  progressive  motion. 

In  the  gaseous  state  the  molecules  are  entirely  without  the  sphere  of  their 
2»:tua]  attraction.  They  fly  forward  in  straight  lines  according  to  the  ordi- 
JU.7  laws  of  motion,  until  they  impinj^e  against  other  molecules  or  against 
»^.ied  envelope  which  they  cannot  penetrate,  and  then  return  in  an  opposite 
'"•-trjon,  with,  in  the  main,  their  original  velocity.  If  the  molecules  were  in 
*'r*ce  where  no  external  force  could  act  upon  them,  they  would  fly  apart,  and 
•iisappcar  in  infinity.  But  if  contained  in  any  vessel,  the  molecules  con- 
tisoally  impinge  in  all  directions  against  the  sides,  and  thus  arises  the  pres- 
ide which  a  gas  exerts  on  its  vessel. 

The  perfection  of  the  gaseous  state  implies  that  the  space  actually 
^copied  by  the  molecules  of  the  gas  be  infinitely  small  compared  with  the 
fwirc  volume  of  the  gas  ;  that  the  time  occupied  by  the  impact  of  a  mole- 
nJe  cither  against  another  molecule,  or  against  the  sides  of  the  vessel,  be 
'35nhc!y  snudl  in  comparison  with  the  interval  between  any  two  impacts  ; 
and  that  the  influence  of  molecular  attraction  be  infinitely  small.  When 
fV^sc  conditions  are  not  fulfilled  the  gas  partakes  more  or  less  of  the  nature 
'^  a  liquid,  and  exhibits  certain  deviations  from   Boyle's  law.      This  is  the 
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case  with  all  gases  ;  to  a  very  slight  extent  with  the  less  easily  condensable 
gases,  but  to  a  far  greater  extent  with  vapours  and  the  more  condensable 
gases,  especially  near  their  points  of  liquefaction. 

293.  SjrBamleal  tbeorjr  of  rasa*. — We  have  seen  that  in  the  gaseous 
condition  the  particles  are  assumed  to  fly  about  in  right  lines  in  all  possible 
directions.  A  rough  illustration  of  this  condition  of  matter  is  aifforded  by 
imagining  the  case  of  a  number  of  bees  inclosed  in  a  box. 

Let  us  supi>ose  a  cubical  vessel  to  be  filled  with  air  under  standard  con- 
ditions of  temperature  and  pressure.  Let  the  length  of  the  sides  be  a.  We 
will  for  the  present  suppose  that  each  particle  moves  freely  in  the  space 
without  striking  against  another  particle.  All  possible  motions  may  be  con- 
ceived to  be  resolved  into  motions  in  three  directions  which  are  parallel  to 
the  faces  of  the  cube.  Conceive  any  single  particle,  of  mass  m  ;  it  will  strike 
against  one  face  with  such  a  velocity,  j/,  as  not  only  to  annul  its  own  motioiH 
but  to  cause  it  to  rebound  in  the  opposite  direction  with  the  same  velocity ; 
hence  the  measure  of  the  momentum  with  which  it  strikes  against  the  side 
will  be  2mu.  Now  by  their  rapid  succession  and  their  nnifonn  distribu- 
tion, the  total  action  of  these  separate  impacts  is  to  produce  a  pressure 
against  the  sides  of  the  vessel  which  is  the  elastic  force  of  the  gas  ;  and  to 
measure  the  pressure  on  the  side,  we  must  multiply  the  momentum  of  ead 
individual  impact  by  the  total  number  of  such  impacts. 

Since  the  length  of  the  side  is  a,  if  there  are  n  molecules  in  the  unit 

of  space,  there  will  be  tu^  in  the  volume  of  the  cube,  of  which —  will  be 

moving  in  a  direction  parallel  to  each  one  of  the  sides.  To  get  the  number 
of  impacts  on  one  face,  we  must  remember  that  they  succeed  each  olhei^ 
after  the  interval  of  time  required  for  a  particle  to  fly  to  the  opposite  side 
and  back  again.     Hence,  u  being  the  velocity,  the  number  of  impacts  ^MA 

each  particle  makes  in  the  unit  of  time,  a  second,  ^^nll  be  i^'  and  the  number 

2a 

of  all  such  which  strike  against  one  side  will  be  i«a'  -'   - ina^u. 

2a 

Now,  since  each  one  exerts  a  pressure  represented  by  2//f//,  we  shall  have 

for  the  total  pressure  /  on  the  surface  d^ 

and  therefore  the  pressure  on  the  unit  of  surface  will  be 

Now,  if  N  is  the  number  of  molecules  in  the  volumes,  N«irt', *»^ 
therefore 

N 
p  »  ^—mu'^ ;  that  is,  /t/«=  JA >/«^. 

But,  for  any  given  mass  of  gas,  N,  w,  and  u  arc  constant  quantities,  andtiK 
product  p7>  must  therefore  also  be  constant  ;  this,  however,  is  only  one  fbiB 
of  expressing  Boyle's  law  (180). 

294.  Moleeular  Telocity. —  In  the  formula /-^/rmi/',  nfn  represents  thi 
mass  in  unit  volume  which  we  may  designate  as  the  density  p,  of  the  gll| 
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referred  to  that  of  water,  and  which  can  be  directly  measured ;  and  since  the 
pressure/  is  also  capable  of  direct  measurement,  we  can  calculate  the  third 
magnitude  u  in  absolute  measure. 

The  pressure/  on  a  gas  is  equal  to  the  action  of  gravity  on  a  colunm  of 
mercury  of  given  height  h  ;  so  that  if  d  is  the  density  of  mercury  -  13*596, 
and  ^  the  acceleration  of  gravity,  /  «  hgh  and 

9 
Now,  if  o-  be  the  specific  gravity  of  the  gas  as  compared  with  air,  which  is 

J—  Ughter  than  water,  p^nyi^fr,  or  p---^-, 
77j  3  773  3 

«« - 3  " .»3;5_96 ^076 j<^9-8 1 15  ><  7733 

vUch  gives  u  —  -i-i  ;  that  is,  that  for  atmospheric  air  the  mean  velocity  of 

<r 
tbe  particles  is  485  metres  in  a  second.    For  other  gases  we  have,  expressed 
ii  the  same  units, 

0-461 

N-492 

H  =  i844. 

la  a  gas  the  velocities  of  the  particles  are  unequal ;  since,  even  supposing 
^  they  were  all  originally  the  same,  it  is  not  difficult  to  see  that  they  would 
ir*rn  alter.  For  imagine  a  particle  to  be  moving  parallel  to  one  side,  and  to 
*  *iruck  centrically  by  another  moving  at  right  angles  to  the  direction  of 
^motion^the  particle  struck  would  proceed  on  its  new  path  with  increased 
"^^:t>%  while  the  striking  particle  would  rebound  in  a  different  direction 
*^j  a  smaller  velocity. 

Notwithstanding  the  accidental  character  of  the  velocity  of  any  individual 
^''i^le  in  such  a  mass  of  gas  as  we  have  been  considering,  there  will,  at  any 
'*t  :iven  time,  be  a  certain  average  distribution  of  velocities.  Now,  from 
■-'^M  derations  based  on  the  theory  of  probabilities,  it  follows  that  some 
^'-.'ics  uill  be  more  probable  than  others — that  there  will,  indeed,  be  one 
■'^■v;t^- ^hich  is  more  probable  than  any  other.  This  [is  called  the  most 
P^^rU  \elocity.  The  mean  velocity  of  the  particle,  as  found  above,  is 
*'■•''.">.  nor  is  it  the  same  as  the  arithmetical  mean  of  all  the  velocities  ;  it 
"■*)  "'*  defined  to  be  that  velocity  which,  if  all  the  molecules  possessed  it, 
"•--•'i  T'Ve  rise  to  the  same  mean  energy'  of  the  molecular  impacts  against 
*-<  '-•  'it  as  that  which  actually  exists.  This  mean  velocity  is  about  ^2  greater 
*•<■  •h'^  arithmetical  mean  velocity,  and  is  i^  that  of  the  most  probable 
'-■:\t  velocity. 

ThriiFctical  as  well  as  experimental  observations  render  it  possible  to 
<fe^r:nine  with  great  probability  not  only  the  average  length  of  the  path 
*Jj  ch  a  rrjolecule  traverses  before  it  encounters  another,  but  also  the  number 
''•  :.T,part!>  in  a  given  time.  Thus,  in  air,  measured  under  standard  con- 
- '.  r.^.  -fhe  length  of  the  mean  path  of  a  molecule  is  calculated  to  be  0*000095 
Or.,  and  the  number  of  impacts  in  a  second  4,700  millions.  For  hydrogen 
'-ht"^  numbers  are  0*0001855  mm.  for  the  length  of  path,  and  9,480  millions 
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for  the  number  of  impacts.  Hence  it  is  that,  notwithstanding  these  enormatis 
velocities,  gases  diffuse  but  slowly,  as  is  observed  in  the  case  of  those  wiik 
strong  odours. 

It  follows  from  the  above  equation  that 

that  is,  that  the  molecular  velocities  are  inversely  as  the  square  roots  of  ike 
densities  or  the  molecular  weights.  This  is  confirmed  by  the  experimenls 
on  diffusion  (190). 

295.  O«D0rml  effects  of  lie«t. — ^The  general  ejects  of  heai  upon  bodies 
may  be  classed  under  three  heads.  One  portion  is  expended  in  raising  the 
temperature  of  the  body  ;  that  is,  in  increasing  the  vis  viva  of  its  molecules. 
In  the  second  place,  the  molecules  of  bodies  have  a  certain  attraction  for 
each  other,  to  which  is  due  their  relative  position  ;  hence  a  second  portion 
of  heat  is  consumed  in  augrnenling  the  amplitude  of  the  oscillations,  by 
which  an  increase  of  volume  is  produced^  or  in  completely  altering  the 
relative  positions  of  the  molecules,  by  which  a  change  of  state  is  effected. 
These  two  effects  are  classed  as  internal  work.  Thirdly,  since  bodies  arc 
surrounded  by  atmospheric  air  which  exerts  a  certain  pressure  on  thctr  sur- 
face, this  has  to  be  overcome  or  lifted  through  a  certain  distance.  The  heM 
or  work  required  for  this  is  called  the  external  work. 

If  Q  units  of  heat  are  imparted  to  a  body,  and  if  A  be  the  qtianrity  of 
heat  which  is  equivalent  to  the  unit  of  work  ;  then  if  W  is  the  amount  of 
heat  which  ser\  es  to  increase  the  temperature,  I  that  required  to  alter  tlie 
position  of  the  molecules,  and  if  L  be  that  expended  in  external  work, 

Q-A(W+I  +  L). 

296.  BzpaoAlon. — All  bodies  expand  by  the  action  of  heat.    As  a 
rule,  gases  are  the  tnost  expansible,  then  liquids,  and  lastly  solids. 


In  solids  which  have  definite  figures,  we  can  either  consider  the 
sion  in  one  dimension,  or  the  linear  expansion  ;  in  two   din  1 
superficial  ^'s:^2Si^\oii ;  or  in  three  dimensions,  the  cubical  cxp.  - 

expansion  of  volume,  although  one  of  these  never  takes  place  vu:hoaL  til* 
other.  .A.S  liquids  and  gases  have  no  definite  figures,  the  cxpansioi»  ^ 
volume  have  in  them  alone  lo  be  considered. 

To  show  the  linear  expansion  of  solids,  the  apparattis  represented  xtk% 
%\  may  be  used.     A  metal  rod.  A,  is  fixed  at  one  end  by  11  screw  B«  ^  " 
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the  other  end  presses  against  the  short  arm  of  an  index,  K,  which  moves  on 
a  scale.  Below  the  rod  there  is  a  sort  of  cylindrical  lamp  in  which  alcohol 
is  burned.  The  needle  K  is  at  first  at  the  zero  point,  but  as  the  rod  becomes 
heated  it  expands,  and  moves  the  needle  along  the  scale. 

The  cubical  expansion  of  solids  is  shouTi  by  a  Gravesand^s  ring.  This 
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Fijij.  2(^7.  Fig.  268. 


'--si:):s  of  a  brass  ball  a  (fig.  266),  which  at  the  ordinary  temperature  passes 
^ly  through  a  ring,  //i,  almost  of  the  same  diameter.  But  when  the  ball 
•-*s  been  heated,  it  expands  and  no  longer  passes  through  the  ring. 

In  order  to  show  the  expansion  of  liquids,  a  large  glass  bulb  provided 

*  h  a'.apillary  stem  is  used  (fig.  267).     If  the  bulb  and  a  part  of  the  stem 

'Urn  some  coloured  liquid,  the  liquid  rapidly  rises  in  the  stem  when  heat 

<'piied,  and  the  expansion  thus  obscr\ed  is  far  greater  than  in  the  case 

Tue  same  apparatus  may  be  used  for  showing  the  expansion  of  gases. 
'*'-'i  filled  with  air,  a  small  thread  of  mercur>'  is  introduced  into  the  capillary 
••>  t»  serve  as  index  (fig.  268).  When  the  globe  is  heated  in  the  slightest 
'<>e,  even  by  approaching  the  hand,  the  expansion  is  so  great  that  the 

•ex  is  driven  to  the  end  of  the  tube,  and  is  finally  expelled.  Hence,  even 
■  • -1  vcr>-  small  degree  of  heat,  gases  are  highly  expansible. 

In  these  different  experiments  the  bodies  contract  on  cooling,  and  when 
'^<)  have  attained  their  former  temperature  they  resume  their  original 
'■'■'injc.  Certain  metals,  however,  especially  zinc,  form  an  exception  to  this 
'*^^-  and  it  appears  to  be  also  the  case  with  some  kinds  of  glass. 


MEASUREMENT   OF  TEMPKRATURE.      THKRMOMKIRV. 


B. — The  teffiperaturc  or  hoiness  of  a  body,  indepen- 
<itt:iy  of  any  hypiothesis  as  to  the  nature  of  heal,  may  be  defined  as  being 
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the  greater  or  less  extent  to  which  it  tends  to  impart  sensible  heat  to  other 
bodies.  The  tempercUure  of  a  body  must  not  be  confounded  with  the  quatt" 
tity  of  heat  it  possesses :  a  body  may  have  a  high  temperature  and  yet 
have  a  very  small  quantity  of  heat,  and  conversely  a  low  temperature  and  yet 
possess  a  large  amount  of  heat.  If  a  cup  of  water  be  taken  from  a  bucketful, 
both  will  indicate  the  same  temperature,  yet  the  quantities  they  possess  will 
be  different.  This  subject  of  the  quantity  of  heat  will  be  afterwards  mofe 
fully  explained  in  the  chapter  on  Specific  Heat. 

298.  Tbermometers. — Thermcmeters  are  instruments  for  measuring 
temperatures.  Owing  to  the  imperfections  of  our  senses  we  are  unable  to 
measure  temperatures  by  the  sensation  of  heat  or  cold  which  they  produce 
in  us,  and  for  this  purpose  recourse  must  be  had  to  the  physical  actions  of 
heat  on  bodies.  These  actions  are  of  various  kinds,  but  the  expansion  of 
bodies  has  been  selected  as  the  easiest  to  observe.  But  heat  also  produces 
electrical  phenomena  in  bodies ;  and  on  these  the  most  delicate  methods 
of  observing  temperatures  have  been  based,  as  we  shall  see  in  a  subsequent 
chapter. 

Liquids  are  best  suited  for  the  construction  of  thermometers — the  ex- 
pansion of  solids  being  too  small,  and  that  of  gases  too  great.  Mercury  and 
alcohol  are  the  only  liquids  used — the  former  because  it  only  boib  at  a  very 
high  temperature,  and  the  latter  because  it  does  not  solidify  at  the  greatest 
known  cold. 

The  mercurial  thermometer  is  the  most  extensively  used.  It  consists  of 
a  capillary  glass  tube,  at  the  end  of  which  is  blo^%'n  the  bulb,  a  cylindrical 
or  spherical  reservoir.  Both  the  bulb  and  a  part  of  the  stem  are  filled  with 
mercury,  and  the  expansion  is  measured  by  a  scale  graduated  either  on  the 
stem  itself,  or  on  a  frame  to  which  it  is  attached. 

Besides  the  manufacture  of  the  bulb,  the  construction  of  the  thermometer 
comprises  three  operations  :  the  calibration  of  the  tube,  or  its  division  into 
parts  of  equal  capacity,  the  introduction  of  the  mercury  into  the  reservoir, 
and  the  graduation. 

299.  BiTision  of  the  tube  into  parts  of  equal  eapaetty.  Calfbimtlea. 
As  the  indications  of  the  thermometer  are  only  correct  when  the  divisions 
of  the  scale  correspond  to  equal  expansions  of  the  mercury  in  the  reservoiri 
the  scale  must  be  graduated,  so  as  to  indicate  parts  of  equal  capacity  in  the 
tube.  If  the  tube  were  quite  cylindrical,  and  of  the  same  diameter  through- 
out, it  would  only  be  necessary  to  divide  it  into  equal  lengths.  But  as  the 
diameter  of  glass  tubes  is  usually  greater  at  one  end  than  another,  parts  of 
equal  capacity  in  the  tube  are  represented  by  unequal  lengths  of  the  scale. 

In  order,  therefore,  to  select  a  tube  of  uniform  bore,  it  is  calibrated',  for 
this  purpose,  a  thread  of  mercury  about  an  inch  long  is  introduced  into  the 
capillary  tube,  and  moved  in  different  positions  in  the  tube,  care  being  taken 
to  keep  it  at  the  same  temperature.  If  the  thread  is  of  the  same  length  in 
ever>'  part  of  the  tube,  it  shows  that  the  capacity  is  ever>n»here  the  same ; 
but  if  the  thread  occupies  different  lengths  the  tube  is  rejected,  and  another 
one  sought 

300.  riUinr  tbe  tbermometer. —  In  order  to  fill  the  thermometer  with 
mercur>-,  a  small  funnel,  C  (fig.  269),  is  blown  on  at  the  top,  and  is  filled 
with  mercur>' ;  the  tube  is  then  slightly  inclined,  and  the  air  in  the  bolb 
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expanded  by  heating  it  with  a  spirit  lamp.  The  expanded  air  partially 
escapes  by  the  funnel,  and,  on  cooling,  the  air  which  remains  contracts,  and 
a  portion  of  the  mercury  passes  into  the  bulb  D.  The  bulb  is  then  again 
wanned,  and  allowed  to  cool,  a  fresh  quantity  of  mercury  enters,  and  so  on, 
ontil  the  biilb  and  part  of  the  tube  are  full  of 
mercury.  The  mercury  is  then  heated  to  boiling  ; 
tbe  mercurial  vapours  in  escaping  carry  with  them 
tbe  air  and  moisture  which  remain  in  the  tube. 
Tbe  tobe,  being  full  of  the  expanded  mercury  and 
of  mercurial  vapour,  is  hermetically  sealed  at  one 
end.  When  the  thermometer  is  cold,  the  mercury 
ought  to  fill  the  bulb  and  a  portion  of  the  stem. 

JO  I.  graJMtlon  of  tbe  tlieniiemeter. — The 
Aennometer  being  filled,  it  requires  to  be  gradu- 
ated ;  that  is,  to  be  provided  with  a  scale  to  which 
fviations  of  temperature  can  be  referred.  And, 
int  of  all,  two  points  must  be  fixed  which  repre- 
sent identical  temperatures  and  which  can  always 
be  easily  reproduced. 

Experiment  has  shown  that  ice  constantly  melts 
a:  the  same  temperature,  whatever  be  the  degree  of 
ivcau  and  that  distilled  water  under  the  same  pres- 
soe  and  in  a  vessel  of  the  same  kind  always  boils 
a  the  same  temperature.  Consequently,  for  the 
tnt  fixed  point,  or  zero,  the  temperature  of  melting 
'.«  has  been  taken  :  and  for  a  second  fixed  point, 
-*  temperature  of  boiling  water  in  a  metal  vessel 
-xicr  the  normal  atmospheric  pressure  of  760 
c^imetres. 

This  inter\al  of  temperature— that  is,  the  range 
-  r.  icro  to  the  boiling  point — is  taken  as  the  unit  for  comparing  tempera- 
I'-rcs  :  just  as  a  certain  length,  a  foot  or  a  metre  for  instance,  is  used  as  a 
Usis  for  comparing  lengths. 

yyi.  SetermlBatlon  of  tbe  flxea  points.  To  obtain  zero,  snow  or 
f/aidcd  ice  is  placed  in  a  vessel  in  the  bottom  of  which  is  an  aperture  by 
•hicbuater  escapes  (fig.  270).  The  bulb  and  a  part  of  the  stem  of  the 
t^rmometcr  are  immersed  in  this  for  about  a  quarter  of  an  hour,  and  a 
"■i."*  made  at  the  level  of  the  rr.crcur>',  which  represents  zero. 

The  second  fixed  point  is  determined  by  means  of  the  apparatus  repre- 

"^Xt^  in  the  figures  271  and  272,  of  which  272  represents  a  vertical  section. 

^'  both,  the  same  letters   designate   the  same   parts.     The  whole   of  the 

Apparatus  is  of  metal.    A  central  tube,  A,  open  at  both  ends,  is  fixed  on  a 

7'iMincal  vessel  containing  water  ;  a  second  tube,  B,  concentric  with  the 

f*i-  and  !»urrounding  it,  is  fixed  on  the  same  vessel,  M.     In  this  second 

":« I.r.dtr,  which  is  closed  at  both  ends,  there  arc  three  tubulures,  «,  E,  D. 

.A  coric  in  which  is  the  therinometer  /,  fits   in  a.     To   E,  a  ^'lass  tube,  con- 

•.i;r.:r.vf  mercur>-,  is  attached,  which  serves  as  a   manometer  for  measuring 

t*5e  prtaiurc  of  the  vapour  in  the  apparatus.     I)  is  an  escape  tube  for  the 

Tky-.-iT  and  condensed  water. 
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The  apparatus  is  placed  on  a  furnace  and  heated  till  the  water  botls ; 

the  vapour  produced  in  M  rises  in  the  tube  A,  and,  passing  through  the  twa 

tubes  in  the  direction  of  the  arrows,  escapes  by  the  tubulure   D.    The 

thermometer  /  being  thus  surrounded  with  vapour,  ihc  mercury  expands,  and^ 

when  it  has  become  stationary,  the  point  at  which 

it  stops  is  marked.     This  is  the  point  sought  for 

The  object  of  the  second  case,  B,  is  to  avoid  the 

cooling  of  the  central  tubulure  by  its  contact  with 

the  air. 

The  determination  of  the  point  loo  (see  nert 
article)  would  seem  to  require  that  the  height  of 
the  barometer  during  the  experiment  should  be 
760  millimetres,  for  when  the  barometric  height  is 
greater  or  less  than  this  quantity,  water  boib  either 
above  or  below  too  degrees.  But  the  point  100 
may  always  be  exactly  obtained,  by  making  a 
suitable  correction.  For  evcrj'  27  millimetiv 
di^eience  in  height  of  the  barometer  there  is  a 
difference  in  the  boiling  point  of  t  degree.  11^ 
for  example,  the  height  of  the  barometer  is  77S — 
that  is,  iS  millimetres,  or  two>thirds  of  37,  alKHfe 
760 — ^water  would  boil  at  100  degrees  and  livo> 
thirds.  Consequently  ioo|  would  have  to  be 
marked  at  the  point  at  which  the  mercury  stopi^ 
Cay-Lyssac  obsen'cd  that  water  boils  at  a  somewhat  higher  temperatore 


Fig.  370. 


in  a  glass  than  in  a  metal  vessel :  and  as  the  boiling  pcMnt  is  imbed  \ff  < 
salts  which  arc  dissolved,  it  has  been  assumed  that  it  was  neoestaiy  to  I 
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tal  \'essel  and  distilled  water  in  fixing  the  boiling  point.  Rudberg 
id,  however,  that  these  latter  precautions  are  superfluous.  The  nature 
vessel  and  salts  dissolved  in  ordinary  water  influence  the  temperature 
[ling  water,  but  not  that  of  the  vapour  which  is  formed.  That  is  to 
lat  if  the  temperature  of  boiling  water  from  any  of  the  above  causes 
bar  than  100  degrees,  the  temperature  of  the  vapour  does  not  exceed 
rovided  the  pressure  is  not  more  than  760  millimetres. 
qaently,  the  higher  point  may  be  determined  in  a  vessel  of 
aterial  provided  the  thermometer  is  quite  surrounded  by 
r,  and  does  not  dip  in  the  water. 

en  with  distilled  water,  the  bulb  of  the  thermometer  must 
p  in  the  liquid,  for,  strictly  speaking,  it  is  only  the  upper 
hat  really  has  the  temperature  of  100  degrees,  since  the 
rature  increases  from  layer  to  layer  towards  the  bottom  in 
inence  of  the  increased  pressure. 

p  Coostraetlon  of  tlie  seale. — Just  as  the  foot-rule 
is  adopted  as  the  unit  of  comparison  for  length,  is  divided 
number  of  equal  divisions  called  inches  for  the  purpose  of 
\  a  smaller  unit  of  comparison,  so  likewise  the  unit  of  com- 
B  of  temperatures,  the  range  from  zero  to  the  boiling  point, 
>c  di\nded  into  a  number  of  parts  of  equal  capacity  called 
r.  On  the  Continent,  and  more  especially  in  France,  this 
is  divided  into  100  parts,  and  this  division  is  called  the 
rode  or  Celsius  scale ;  the  latter  being  the  name  of  the 
r>r.  The  Centij^rade  thermometer  is  almost  exclusively 
•d  in  foreign  scientific  works,  and,  as  its  use  is  gradually 
jng  in  this  countr>',  it  has  been  and  will  be  adopted  in 
vok, 

c  decrees  are  designated  by  a  small  cypher  placed  a  little 
on  the  right  of  the  number  which  marks  the  temperature, 
•  indicate  temperatures  below  zero  the  minus  sign  is  placed 
them.     Thus,  —  15°  signifies  15  degrees  below  zero, 
accurate  thermometers  the  scale  is  marked  on  the  stem 
ng.  273  .      It  cannot  be  displaced,  and  its  length  remains 
as  glass  has  ver>'  little  expansibility.      The  graduation  is 
d  by  covering  the  stem  with  a  thin  layer  of  wax,  and  then 
njj  the  divisions  of  the  sccile,  as  well  as  the  corresponding 
STi.  with  a  steel  point.     The  thermometer  is  then  exposed       ^  »«•  ^73. 
»ut   ten  minutes  to    the  vapours    of  hydrofluoric    acid, 
attacks  the  glass  where  the  wax  has  been  removed.     The  rest  of  the 
then  removed,  and  the  stem  is  found  to  be  permanently  etched, 
sides  the  Centigrade  scale  two  others  are  frequently  used — Fahrenhiifs 
sA  Reaumur 5  scale. 

R^umur's  scale  the  fixed  points  are  the  same  as  on  the  Centigrade 
b^Jt  the  distance  between  them  is  divided  into  80  degrees,  instead  of 
Ml  That  is  to  say,  80  degrees  Reaumur  are  equal  to  100  degrees 
Tade  ;  one  degree  Reaumur  is  equal  to  *^"//  or  '\  of  a  degree  Centigrade, 
\t  degree  Centigrade  equals  ,*",",  or  '  degrees  Reaumur.  Consequently 
pert  any  number  of  R<5aumur  s  degrees  into  Centigrade  degrees  (20,  for 
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example),  it  is  merely  necessary  to  multiply  them  by  \  (which  gives  25). 
Similarly,  Centigrade  degrees  are  converted  into  Reaumur  by  multiplyii^ 
them  by  f . 

The  thermometric  scale  invented  by  Fahrenheit  in  17 14  is  still  much 
used  in  England,  and  also  in  Holland  and  North  America.  The  higher  fixed 
point  is,  like  that  of  the  other  scales,  the  temperature  of  boiling  water  ;  but 
the  null  point  of  zero  is  the  temperature  obtained  by  mixing  equal  weights 
of  sal-ammoniac  and  snow,  and  the  interval  between  the  two  points  is 
divided  into  212  degrees.  The  zero  was  selected  because  the  temperature 
was  the  lowest  then  known,  and  was  thought  to  represent  absolute  cxM, 
When  Fahrenheit's  thermometer  is  placed  in  melting  ice  it  stands  at  32 
degrees,  and  therefore  100  degrees  on  the  Centigrade  scale  are  equal  to  180 
degrees  on  the  Fahrenheit  scale,  and  thus  i  degree  Centigrade  is  equal  to  { 
of  a  degree  Fahrenheit,  and  inversely  i  degree  Fahrenheit  is  equal  to  {  of  a 
degree  Centigrade. 

If  it  be  required  to  convert  a  certain  number  of  Fahrenheit  degrees  (95^ 
for  example)  into  Centigrade  degrees,  the  number  32  must  first  be  subtracted 
in  order  that  the  degrees  may  count  from  the  same  part  of  the  scale.  The  re- 
mainder in  the  example  is  thus  63,  and  as  i  degree  Fahrenheit  is  equal  to  {  of 
a  degree  Centigrade,  63  degrees  are  equal  to  6:^  x  f  or  35  degrees  Centigrade.    ' 

If  F  be  the  given  temperature  in  Fahrenheit  degrees  and  C  the  cotTO>    ' 
sponding  temperature  in  Centigrade  degrees,  the  former  may  be  converted 
into  the  latter  by  means  of  the  formula  ' 

(F-32)|  =  C,  ! 

and  conversely.  Centigrade  degrees  may  be  converted  into  Fahrenheit  by 
means  of  the  formula  ] 

SCf32-F.  ! 

These  formulae  are  applicable  to  all  temperatures  of  the  two  scales  pro-  i 
vided  the  signs  are  taken  into  account  Thus,  to  convert  the  temperature  [ 
of  5  degrees  Fahrenheit  into  Centigrade  degrees  we  have  ' 

(5-32)1-^:^5.  _, 5  c.  i 

In  like  manner  we  have,  for  converting  Reaumur  into  Fahrenheit  degrees  ^ 
the  formula 

JR  +  32-F, 

and  conversely,  for  changing  Fahrenheit  into  Rdaumur  degrees,  the  formula 

(F-.32):-R. 

304.  OUplaeemant  of  aero. — Thermometers,  even  when  constructed  ^ 
with  the  greatest  care,  are  subject  to  a  source  of  error  which  must  be  takes  ^ 
into  account ;  that  is,  that  in  course  of  time  the  zero  tends  to  rise,  the  di»»  . 
placement  sometimes  extending  to  as  much  as  two  degrees  ;  so  that  ^ 
the  thermometer  is  immersed  in  melting  ice  it  no  longer  sinks  to  lera 

This  is  generally  attributed  to  a  diminution  of  the  volume  of  the  bulb  i 
also  of  the  stem,  occasioned  by  the  pressure  of  the  atmosphere.    It  b 
with  very  accurate  thermometers  to  fill  them  two  or  three  years  before 
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are  graduated.    Joule  once  observed  that  even  after  twenty-five  years  a  deli- 
cate thermometer  indicated  a  displacement  of  zero. 

Besides  this  slow  displacement,  there  are  often  variations  in  the  position 
of  the  lero,  when  the  thermometer  has  been  exposed  to  high  temperatures, 
caused  by  the  fact  that  the  bulb  and  stem  do  not  contract  on  cooling  to  their 
origizial  volume  (294),  and  hence  it  is  necessary  to  verify  the  position  of  zero 
wben  a  thermometer  is  used  for  delicate  determinations. 

Regnault  noticed  that  some  mercurial  thermometers,  which  agree  at  o^ 
and  as  100%  differ  between  these  points,  and  that  these  differences  frequently 
BBoant  to  several  degrees.  Regnault  ascribed  this  to  the  unequal  expansion 
of  difierent  kinds  of  glass. 

305.  &laiito  to  tlie  cmplajment  of  merourUil  ttaermoinetei*. — Of  all 
temomelers  in  which  liquids  are  used,  the  one  with  mercury  is  the  most 
sMfiil,  because  this  liquid  expands  most  regularly,  and  is  easily  obtained 
pcre,  and  because  its  expansion  between  —  36^  and  100^  is  regular ;  that  is, 
proportional  to  the  degree  of  heat.  It  also  has  the  advantage  of  having 
a  Twy  low  specific  heat.  But  for  temperatures  below  — 36**  C.  the  alcohol 
dienDoineter  must  be  used,  since  mercury  solidifies  at— 40°  C.  Above 
loo  degrees  the  coefficient  of  expansion  increases  and  the  indications  of 
ie  xz»ercurial  thermometer  are  only  approximate,  the  error  rising  some- 
:3aes  to  several  degrees.  Mercur>'  thermometers  also  cannot  be  used 
f^r  temperatures  above  350®,  for  this  is  the  boilinj^  point  of  mercur>'. 

J06.  Aleobol  tlief  mamcter. —The  alcohol  thermometer  differs  from  the 
ricrcury  thermometer  in  being  filled  with  coloured  alcohol.  But  as  the 
CLphkT.a-.on  of  liquids  is  less  regular  in  proportion  as  they  are  near  the  boiling; 
>  zr^  alcohol,  which  boils  at  78''  C,  expands  ver>'  irregularly.  Hence, 
--c'':.ol  thermometers  are  usually  graduated  by  placing  them  in  baths  at 
i^trcnt  temperatures  together  with  a  standard  mercurial  thermometer,  and 
n-ij-iLing  on  the  alcohol  thermometer  the  temperature  indicated  by  the 
-yer- jr>-  thermometer.  In  this  manner  the  alcohol  thermometer  is  compar- 
i- .-E  v4  .:b  the  mercur>'  one  ;  that  is  to  say,  it  indicates  the  same  temperatures 
=-.  -frr  the  same  conditions.  The  alcohol  thermometer  is  especially  used  for 
-■»  r-^niperatures,  for  it  does  not  solidify  at  the  greatest  known  cold. 

'.  zr.  coadittons  of  tlie  delicaoj'  of  a  tbermoinoter.  -  A  thermometer  may 
>t  Celicatc  in  two  ways  : — i.  When  it  indicates  ver>'  small  changes  of  tem- 
3eri:-re.     2.  When  it  quickly  assumes  the  temperature  of  the  surrounding 

Tne  nrs:  object  is  attained  by  having  a  very  narrow  capillary  tube  and  a 
r-^.  l^irge  bulb  ;  the  expansion  of  the  mercury  on  the  stem  is  then  limited 
V.  «  srr^all  number  of  degrees,  from  lo  to  20  or  20  to  30  for  instance,  so  that 
1  degree  occupies  a  great  length  on  the  stem,  and  can  be  subdivided  into 
small  fractions.  The  second  kind  of  delicacy  is  obtained  by  making 
tic  bulb  very  small,  for  then  it  rapidly  assumes  the  temperature  of  the 
■^=d  in  which  it  is  placed. 

A  good  mercury  thermometer  should  answer  to  the  following  tests  : 
Wben  its  bulb  and  stem,  to  the  top  of  the  column  of  mercury,  are  immersed 
ia  sve'iting  ice,  the  top  of  the  mercur>-  should  exactly  indicate  o'  C. ;  and 
wbca  sT:spendcd  with  its  bulb  and  scale  immersed  in  the  steam  of  water 
bou;zkg  in  a  metal  vessel  (as  in  fig.  271)  the  barometer  standing  at  760  mm., 
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the  mercury  should  be  stationary  at  lOO**  C  When  the  instrument  is 
inverted,  the  mercur)'-  should  fill  the  tube,  and  fall  with  a  metallic  click,  thus 
showing  the  complete  exclusion  of  air.  The  value  of  the  degrees  should  be 
uniform  ;  to  ascertain  this  a  Hltle  cylinder  of  mercury  may  be  detached  from 
rhc  column  by  a  slight  jerk,  and  on  inclining  the  lube  it  may  be  made  lo 
pass  from  one  portion  of  the  bore  to  another.  If  the  scale  be  properly 
graduated,  the  column  will  occupy  an  equal  number  of  degrees  in  all  p&rts 
of  the  tube. 

30$.  StAarenttal  tbennometor. — Sir  John  Leslie  constructed  a  ther* 
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momcier  for  showing  the  difference  of  temperature  of  two  neighbouring 
places,  from  which  it  has  received  the  name  of  tJic  difftrentiai  ik^rmamfUr. 

A  modified  form  of  it  is  that  devised  by  Matthiesscn  (fig.  274)»  which  h*i 
the  advantage  of  being  a^^ilable  for  indicating  the  temperature  of  liquids. 
It  consists  of  a  bent  glass  tube,  each  end  of  which  is  l>cnt  twice,  aiuI 
terminates  in  a  bulb  ;  the  bulbs  being  pendent  can  be  readily  immer&cd  tir 
a  liquid.  The  bend  contains  some  coloured  liquid,  and  in  a  lube  whick 
connects  the  two  limbs  is  a  stopcock,  by  which  the  liquid  in  each  Umbj 
easily  brought  to  the  same  le\x^l.     The  whole  is  supported  by  a  frame* 

When  one  of  the  bulbs  is  at  a  higher  temperature  than  the  oiher«  1 
liquid  in  the  stem  is  depressed  and  rises  in  the  other  stem.      The 
ment  is  now  only  used  as  a  thermoscopt ;  that  is,  to  indicate  a  di^ 
of  temperature  between  the  two  bulbs,  and  not  lo  measure  its  amount, 

309.    Br0gii9r»    metalllo    tlienuom«««r« — Hreguet    invented    a 
mometer  of  considerable  dclic^cy^  which  depends  on  the  unequal  exp 
of  metals.     It  consists  of  three  strips  of  platinum,  g^ld*  and  silver,  which  \ 
passed  through  a  rolling  mill  so  as  to  form  a  very  thin  metallic  ribbon.    Hui 
is  then  coiled  tn  a  spiral  forav  as  seen  in  6g.  275,  and  one  end  being  fijMd  10 


10]  RutherforcTs  Maximum  and  Minimum  Thermometers,  273 

ipport,  a  light  needle  is  fixed  to  the  other,  which  is  free  to  move  round  a 
ioated  scale. 

Sth'cr,  which  is  the  most  expansible  of  the  metals,  forms  the  internal  face 
he  spiral,  and  platinum  the  external.  When  the  temperature  rises,  the 
er  expands  more  than  the  gold  or  platinum,  the  spiral  unwinds  itself,  and 
needle  moves  from  left  to  right  of  the  above  figure.  The  contrary  effect 
roduced  when  the  temperature  sinks.  The  gold  is  placed  between  the 
1  two  metals  because  its  expansibility  is  intermediate  between  that  of 
silver  and  the  platinum.  Were  these  two  metals  employed  alone,  their 
d  onequal  expansion  might  cause  a  fracture.  Breguet*s  thermometer  is 
tirically  graduated  in  Centigrade  degrees,  by  comparing  its  indications 
I  those  of  a  standard  mercury  thermometer. 

>n  this  principle  depend  several  forms  of  pocket  thermometers,  and  it  is 
^plied  in  some  registering  thermometers. 

\\o.  m«tlierford*s  in>¥tmmn  and  miBimam  tt&ernuimeten. — It  is 
ssAr>\  in  meteorological  observations,  to  know  the  highest  temperature 
3C  day  and  the  lowest  temperature  of  the  night.  Ordinary  thermometers 
ki  only  give  these  indications  by  a  continuous  observation,  which  would  be 
racticable.  Several  instruments  have  accordingly  been  invented  for  this 
pose,  the  simplest  of  which  is  Rutherford's.  On  a  rect.ingular  piece  of 
te-giass    tig.  276;  two  thermometers  are  fixed,  whose  stems  are  bent 
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r::fr.\iL\\.  The  one,  \  is  a  mercur)-,  and  the  other,  1>,  an  alcohol 
em-/r:;€:e:r.  In  A  there  is  a  minute  piece  of  iron  wire,  A,  movin^^  freely  ir. 
!*u>:,  Hhjrh -ervcb  as  an  index.  The  thermometer  beinj;  placed  hori- 
saIIv.  when  the  temperature  rises  the  mercur>'  pushes  the  index  before  it. 
'  u  v.n  as  the  mercury  contracts,  the  index  remains  in  that  part  of  the 
<:o  «r.:rh  it  has  l)een  moved,  for  there  is  no  adhesion  between  the  iron 
:  the  n;erc:ur>.  In  this  way  the  index  registers  the  hi<,'hest  temperature 
»ci  has  been  attained  ;  in  the  figure  this  is  32^  In  the  minimum  ther- 
!aeter  :here  is  a  small  hollow  glass  tube  which  serves  as  index.  When  it 
'  :h»  end  of  the  column  of  liquid,  and  the  temperature  falls,  the  column 
r.TCia,  and  rarrie^  the  index  with  it,  in  consequence  of  adhesion,  until  it 
reached  rhe  -reatest  contraction.  When  the  temperature  rises  the  alcohol 
isds.  and.  pa^bin;,'  between  the  sides  of  the  tube  and  the  index,  docs  not 
cace  i;.  The  p<«sition  of  the  index  gives  therefore  the  lowest  temperature 
.h  has  been  reached  ;  in  the  figure  this  is  9  degrees  below  zero. 
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311.  Vyramateni. — The  name  Pyrometers  is  given  to  instruments 
measuring  temperatures  so  high  that  mercurial  thermometers  could  not 
used.  The  older  contrivances  for  this  purpose— Wedgwood's,  Danic 
(which  in  principle  resembled  the  apparatus  in  fig.  265),  Brongniart's,  &c 
have  gone  entirely  out  of  use.  None  of  them  give  an  exact  measure  of  u 
perature.  The  arrangements  now  used  for  the  purpose  are  either  based 
the  expansion  of  gases  and  vapours,  or  on  the  electrical  properties  of  bod 
and  will  be  subsequently  described. 

312.  Olffereat  rammrfcable  tempMmtnres. — The  following  table  gi 
some  of  the  most  remarkable  points  of  temperature.  It  may  be  obser 
that  it  is  easier  to  produce  very  high  temperatures  than  very  low  degrees 
cold. 

Greatest  artificial  cold  produced  by  a  bath  of  bisulphide 

of  carbon  and  liquid  nitrous  acid       ....  -  140P  C. 

Greatest  cold  produced  by  ether  and  liquid  carbonic  acid  —no 

Greatest  natural  cold  recorded  in  Arctic  expeditions        .  —   587 

Mercury  freezes —   39*4 

Mixture  of  snow  and  salt —   20 

Ice  melts o 

Greatest  density  of  water -••4 

Mean  temperature  of  London 9*9 

Blood  heat 36*6 

Water  boils 100 

Mercury  boils 350 

Sulphur  boils 440 

Red  heat  (just  visible)              (Uaniell)     ....  526 

Silver  melts       ...             „           ....  1000 

Zinc  boils  ....             „           ....  1040 

Cast  iron  melts .        .        .             „           ....  1530 

Highest  heat  of  wind  furnace         „           ....  1800 

Platinum  melts 2000 

Iridium        „ 2700 
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CHAPTER    II. 

EXPANSION  OF  SOLIDS. 


313.  &lBear  espaiuiioii  and  cubical  expansion.  Cocfflcicnts  of 
Mf  MliiB — It  has  been  already  explained  that  in  solid  bodies  the  expan- 
iioo  may  be  according  to  three  dimensions — linear,  superficial,  and  cubical. 
The  coefficient  of  linear  expansion  is  the  elongation  of  the  unit  of  length 
of  a  body  when  its  temperature  rises  from  zero  to  i  degree  ;  the  coefficient  of 
mperfidal  expansion  is  the  increase  of  the  surface  in  being  heated  from  zero 
to  I  degree,  and  the  coefficient  of  cubical  expansion  is  the  increase  of  the 
ah  of  volume  under  the  same  circumstances. 

These  coefficients  vary  with  different  bodies,  but  for  the  same  body  the 
if^^-icnt  of  cubical  expansion  is  three  times  that  of  the  linear  expansion^  as 
ii  sttn  from  the  following  considerations  : — Suppose  a  cube,  the  length  of 
•hc-^e  -ide  is  i  at  zero.  Let  k  be  the  elongation  of  this  side  in  passing  from 
lero  :•->  i  degree,  its  length  at  i  degree  will  be  i  +  X",  and  the  volume  of  the 
':i.x,  vhich  was  I  at  zero,  will  be  (i  +/'}^  or  i  +  3/' +  3/'- +  Z*^.  But  as  the 
ojT.."^t.'*n  k  is  always  a  ver>'  small  fraction  (see  table,  Art.  316),  its  square 
i-.  i-.ri  -:ill  more  its  cube  k\  are  so  small  that  they  may  be  neglected, 
iEii -.'c  value  at  i  degree  becomes  ver>'  nearly  i  +  3^'.  Consequently,  the 
irrttst  of  volume  is  3>6,  or  thrice  the  coefificicnt  of  linear  expansion. 

I-.  the  s.ime  manner  it  may  be  shown  that  the  coefficient  of  superficial 
tv>ir.:i'jn  is  double  the  coefficient  of  linear'expansion. 

3:^.  BCcasnremcnt  of  tlic  coefficient  of  linear  expansion.    ]Lavoisier 
Mi  Laplace's  metbod. — The  apparatus  used  by  Lavoisier  and  Laplace  for 
'rr.  ,nir.^'  the  coefficients  of  linear  expansion  (fig.  277)  consists  of  a  brass 


i^i 


Y\%.  277. 

-placed  on  a  furnace  between  four  stone  supports.     On  the  two  sup- 

^  ihe  rijjht  hand  there  is  a  horizontal  axis,  at  the  end  of  which  is  a 

'  '^-\  on^thc  middle  of  this  axis,  and  at  right  angles  to  it,  is  fixed  a 

''jC,  turning  with  it,  as  does  also  the  telescope.   The  other  two  supports 

I  2 
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arc  joined  by  a  cross-piece  of  iron,  to  which  another  glass  rod  is  fixed 
at  right  angles.  The  trough,  which  contains  oil  or  water,  is  heated 
furnace  not  represented  in  the  figure,  and  the  bar  whose  expansion  is 
determined  is  placed  in  it. 

Fig.  278  represents  a  section  of  the  apparatus ;  G  is  the  telescope 
the  bar,  whose  ends  press  against  the  two  glass  rods  F  and  D.     As  th 


Fig.  278. 

F  is  fixed,  the  bar  can  only  expand  in  the  direction  KH,  and  in  ord 
eliminate  the  effects  of  friction  it  rests  on  two  glass  rollers.  Lastly 
telescope  has  a  cross-wire  in  the  eyepiece,  which,  when  the  telescope  a 
indicates  the  depression  by  the  corresponding  number  of  divisions 
vertical  scale  AB,  at  a  distance  of  220  yards. 

The  trough  is  first  filled  with  ice,  and  the  bar  being  at  zero,  the  di^ 
on  the  scale  AB,  corresponding  to  the  wire  of  the  telescope,  is  read  off. 
ice  having  been  removed,  the  trough  is  filled  with  oil  or  water,  whi 
heated  to  a  given  temperature.  The  bar  then  expands,  and  when  its  tc 
rature  has  become  stationary,  which  is  determined  by  means  of  thermom 
the  division  of  the  scale,  seen  through  the  telescope,  is  read  oflf. 

From  these  data  the  elongation  of  the  bar  is  determined  ;  for  since 

become  longer  by  a  quantity,  CH,  and  the  optical  axis  of  the  telescope 

become  inclined  in  the  direction  GB,  the  two  triangles,  GHC  and  j 

are  similar,  for  they  have  the  sfdes  at  right  angles  each  to  each,  so 

HC     GH 

---  -  .  ^.     In  the  same  way,  if  HC  were  another  elongation,  and  .4 


corresponding  deviation,   there  would  still  be 


from   whi 


HC    GH 

ab'"ag 

follows  that  the  ratio  between  the  elongation  of  the  bar  and  the  defle 

CH 
of  the  telescope  is  constant,  for  it  is  always  equal  to         .     A  prelim 

HC 
measurement  had  shown  that  this  ratio  was  y^^.     Consequently, 


AB 


AB 


whence  HC=    -  ;  that  is,  the  total  elongation  of  the  bar  is  obtaine 

744 
dividing  the  length  on  the  scale  traversed  by  the  cross-wire  by  744.     L 
ing  this  elongation  by  the  length  of  the  bar,  and  then  by  the  temperatu 
the  bath,  the  quotient  is  the  dilatation  for  the  unit  of  length  and  for  a  s 
degree— in  other  words,  the  coefficient  of  linear  dilatation. 

315.  Koy  and  mamsden's  method. — Lavoisier  and  Laplace's  metb 
founded  on  an  artifice  which  is  frequently  adopted  in  physical  determinat 
and  which  consists  in  amplifying  by  a  known  iunount  dimensions  whic 
themselves,  are  too  small  to  be  easily  measured.     Unfortunately  this  p! 


R&y  and  Ramsderis  Method, 
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U  DOfe  fidlftdous  ihan  profitable,  for  it  is  first  necessar>'  to  determine  the 
ooltbe  motion  measured  10  that  on  which  it  depends »  In  the  present 
t  h  IS  necessary  to  know  ihe  lengths  of  the  arms  of  the  lever  in  the 
imttts^  But  this  preliminary  operation  may  introduce  errors  of  such  im- 
(aoce  as  partially  to  counterbalance  the  advantage  of  great  delicacy. 
\  fbOowixig  method,  used  by  General  Roy  in  1787,  and  which  w^as  devised 
iUmsdcQ,  depends  on  another  principle.  It  measures  the  elongations 
cdy,  and  without  amplifying  them  ;  but  it  measures  them  by  means  of  a 
rooietric  tet^cope,  which  indicates  very  small  displacements. 
The  apfMiratlis  (fig*  279)  consists  of  three  parallel  metal  troughs  about  6 
lom^     Id  the  middle  one  there  Is  a  bar  of  the  body  whose  expansion  is 

9 


■■^i»'BBaPSS^^Ci^''^^^^^ffi'9^Sl5P^^I*Cj"i 


■  ,B 


BoetJ,  ana  m  me  two  others  are  cast-iron  bars  of  exactly  the 
I  as  thff  bar.     Hods  atc  fixed  vertically  on  both  ends  of  these 
On  •'  'I  fhc  troughs  A  find  B  there  are  rings  with  cross- 

NfikitboMS  I  ope.     On  the  rods  in  ihe  trough  C  are  small  telc- 

^fe^ilio  pruvidcd  uuh  cross-wires. 

H^tfvag^  befTtjf  filed  with  ice,  and  all  three  bars  at  zero,  the  points  of 
■oaookMi  of  ll  I  ihc  disc,  and  of  the  wires  in  the  telescope,  are  all 

Chmumm^f  -  bar.     The  temperature  in  the  middle  irouRfh  is 

ciiied  to  100'  L.  by  means  of  spirit  lamps  placed  beneath  the  trough  ; 
^tij  f^nanr?!   Titii  ;t»i  it  ts  in  Contact  with  the  end  of  the  screw,  a,  fixed  on 
takes  place  in  the  direction  nm,  and,  as  the  cross- 
,,,.;;,  the  cross-wirc  m  is  movrd  towards  B  by  a  quantity 
■li  n.     But  since  the  screw  a  is  attached  to  the  bar,  by 

K|u  ii^Two  tnrm  right  to  left  the  bar  is  moved  in  the  direction  mn^ 
i^  cras^wtne  m  regains  its  original  position*     To  effect  this,  the  sewn 
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has  been  turned  by  a  quantity  exactly  equal  to  the  elongation  of  the  ba 
and,  as  this  advance  of  the  screw  is  readily  deduced  from  the  number  < 
turns  of  \\s thread (\\\  the  total  expansion  of  the  bar  is  obtained,  whid 
divided  by  the  temperature  of  the  bath,  and  this  quotient  by  the  length  i 
the  bar  at  zero,  gives  the  coefficient  of  linear  expansion. 

316.  Coeffloients  of  linear  escpaaslon. — By  one  or  the  other  metho 
the  following  results  have  been  obtained  : — 

Coefficients  of  linear  expansion  for  1°  between  o®  and  100®  C. 


Pine    . 
Graphite 
Marble 
White  (^lass. 
Platinum 
Untempered  steel 
Cast  iron 
Sandstone  . 
Wrought  iron 
Tempered  steel   . 
Gold    . 
Copper 


0-000006080  Bronze     .  0*000018167 

0*000007860  Brass  oxxxx>  18782 

0*000008490  Silver  .  0*000019097 

0*000008613  Tin  0*000021730 

0*000008842  Lead       .  oxxxx>28575 

0*000010788  Zinc         .        .  0*000029417 

0*000011250  Sodium  chloride  0XXXXX10390 

0*000011740  Ice  oxxxx>52ooa 

0*000012204  Sulphur  .  0*000064130 

0*000012395  Ebonite  (17°  to  35°;  0*000080600 

0*000014660  Paraffine.        .  oxx)0278540 
0*00001 7 1 82 


From  what  has  been  said  about  the  linear  expansion  (311),  the  coefficient 
of  cubical  expansion  of  solids  are  obtained  by  multiplying  those  of  linca 
expansion  by  three. 

The  coefficients  of  the  expansion  of  the  metals  vary  with  their  physia 
condition,  being  different  for  the  same  metal  according  as  it  has  been  cai 
or  hammered  and  rolled,  hardened  or  annealed.  As  a  general  rule,  open 
tions  which  increase  the  density  increase  also  the  rate  of  expansion.  Ba 
even  for  substances  in  apparently  the  same  condition,  different  obsenrcr 
have  found  very  unequal  amounts  of  expansion  ;  this  may  arise  in  the  ca* 
of  compound  substances,  such  as  glass,  brass,  or  steel,  from  a  \»*ant  of  mi 
formity  in  chemical  composition,  and  in  simple  bodies  from  slight  difTerenoe 
of  physical  state. 

The  expansion  of  amorphous  solids,  and  of  those  which  cr>'stallise  in  tiM 
regular  system,  is  the  same  for  all  dimensions,  unless  they  are  subject  to  1 
strain  in  some  particular  direction.  A  fragment  of  such  a  substance  \-aria 
in  bulk,  but  retains  the  same  shape.  Cr>'stals  not  belonging  to  the  regubl 
system  when  heated,  exhibit  an  unequal  expansion  in  the  direction  of  tbdi 
different  axes,  in  consequence  of  which  the  magnitude  of  their  angles,  and 
therefore  their  form,  is  altered.  In  the  dimetric  system  the  expansion  isthi 
same  in  the  direction  of  the  two  equal  axes,  but  different  in  the  thinL  II 
crystals  belonging  to  the  hexagonal  system  the  expansion  is  the  same  in  iIn 
direction  of  the  three  secondary  axes,  but  different  from  that  according  •> 
the  principal  one.    In  the  trimetric  system  it  is  different  in  all  three  directkai 

To  the  general  law  that  all  bodies  expand  by  heat  there  is  an  importaiM 
exception  in  the  case  of  iodide  of  silver,  which  contraas  somewhat  whoi 
heated.  It  has  a  negative  coefficient  of  expansion,  the  value  of  which  t 
0*00000139  for  r  C. 
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Fizeau  deteimined  the  expansion  of  a  great  number  of  crystallised  bodies 
by  an  optical  method  He  placed  thin  plates  of  the  substance  on  a  glass 
piate  and  let  yellow  light  pass  through  them.  He  thus  obtained  alternately 
fcOow  and  dark  Newton's  rings  {q,v,)  On  heating,  the  plate  of  the  substance 
a{>anded,  the  thin  layer  of  air  l>ecame  thinner,  and  the  position  of  the  rings 
was  altered.  From  the  alteration  in  their  position  the  amount  of  the  expan- 
sioo  could  be  deduced.  Among  the  results  he  has  obtained  is  the  curious 
ooe  that  certain  crystallised  bodies,  such  as  diamond,  emerald  and  cupric 
oxide,  contract  on  being  cooled  to  a  certain  temperature,  but  as  the  cooling 
is  continued  below  this  temperature  they  expand.  They  have  thus  a  tem- 
perature of  maximum  density,  as  is  the  case  with  water  (329).  In  the  case 
of  emerald  and  cuprous  oxide  this  temperature  is  at  —  4*2'",  in  the  case  of 
diamond  at  —42*3°. 

317.  Tb«  eoefltoteats  of  ezpansioa  laerease  witii  tbe  tempeimtare. — 
.According  to  Matthiessen,  who  determined  the  expansion  of  the  metals  and 
a«Io)'s  by  weighing  them  in  water  at  different  temperatures,  the  coefficients 
of  expansion  are  not  quite  regular  between  0°  and  100°.  He  found  the 
following  values  for  the  linear  expansion  between  o^  and  100^ : — 

Zinc    ,  .        .  Lj  -  Lq  (i  +0-00002741  / -I- 0*0000000235  /*) 

Lead.  .  Lj  -  L^,  (i  +  0*00002716 /  + 00000000074 /^) 

Silver.  .  L^  «  L^^  (i +0*00001809 /  + 00000000135 /^) 

Copper  .  L^  =«  L^j  Ti  +0*00001408  /  + 00000000264  /-) 

Gold  .  .        .  Lj  =  ^  (I +000001358  / 4  ooooooooi  12 /■') 

Mitthie'isen  further  found  that  the  coefficients  of  expansion  of  an  alloy  are 
\-ery  nearly  equal  to  the  mean  of  the  coefficients  of  expansion  of  the  volumes 
of  the  metals  composing  it. 

3  r  8.  rormnlM  relatflre  to  tlie  expansion  of  solids. — Let  /  be  the  length 
cf  a  bar  at  zero,  /'  its  length  at  the  temperature  t^  C,  and  a  its  coefficient  of 
Ibear  expansion.  The  tables  usually  give  the  expansion  for  1°  between  0° 
an^  ICO'  as  in  .\n.  316,  or  for  100°  ;  in  this  latter  case  a  is  obtained  by 
i^-idin^^  the  number  by  100. 

The  relation  existing  between  the  above  quantities  is  expressed  by  a  few 
i3Dp!e  formula*. 

The  elongation  corresponding  to  /  is  /  times  a  or  at  for  a  single  unit  of 
iK!i,th,  or  ati  for  /  units.  The  length  of  the  bar  which  is  /  at  zero  is  i  -i-atl 
K  /,  consequently, 

I'  .^l^atl»i^\  +a/). 

This  formula  gives  the  length  of  a  body  /'  at  /^,  knowing  its  length  /  at 
KTOuand  the  coefficient  of  expansi(m  a  ;  and  by  simple  algebraical  transform- 
Vxms  Hc  can  obtain  from  it  fomiuUe  for  the  length  at  zero,  knowing  the 
length  r  at  /**,  and  also  for  finding  a^  the  coefficient  of  linear  expansion, 
kncming  the  lengths  /'  and  /  at  /^  and  zero  respectively. 

The  formuUe  for  cubical  expansion  are  entirely  analogous  to  the  preceding. 

The  following  are  examples  of  the  application  of  these  formula: : — 
I   A  metal  bar  has  a  length  /'  at  T' ;  what  will  be  its  length  /  at  t^} 

From  the  above  formula  we  tirst  get  the  length  of  the  given  bar  at  zero, 
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which  is :  by  means  of  the  same  formula  we  pass  from  zero  to 

\  ^  at"  ^ 

multiplying  by  i  +  a/,  which  gives  for  the  desired  length  the  formula 

/  .  n^^at). 

l-k-at 

(ii.)  The  density  of  a  body  being  d  at  zero,  required  its  density  if  at 

If  I  be  the  volume  of  the  body  at  zero,  and  D  its  coefficient  of  cd 

expansion,  the  volume  at  /will  be  i  +  D/ ;  and  as  the  density  of  a  body 

inverse  ratio  of  the  volume  which  the  body  assumes  in  expanding,  w 

the  inverse  proportion, 

d'  \d^i     :     I  +  D/ 

^       _-         •  or  if      -^  - 
7"l^D>'  "l+b/ 

Consequently,  when  a  body  is  heated  from  o*to  /°,  its  density,  and  t 
fore  its  weight  for  an  equal  volume,  is  inversely  as  the  expression,  i  +  D 

319.  Applioatioiis  of  tbe  expansion  of  oolido. — In  the  arts  we 
with  numerous  examples  of  the  influence  of  expansion,  (i.)  The  ba 
furnaces  must  not  be  fitted  tightly  at  their  extremities,  but  must,  at  lea.« 
free  at  one  end,  otherwise  in  expanding  they  would  split  the  masonry. 
In  making  railways  a  small  space  is  left  between  the  successive  rails,  1 
they  touched,  the  force  of  expansion  would  cause  them  to  curve  or  « 
break  the  chairs,  (iii.)  Water-pipes  are  fitted  to  one  another  by  meai 
telescope  joints,  which  allow  room  for  expansion,  (iv.)  If  a  glass  is  h< 
or  cooled  too  rapidly  it  cracks ;  this  arises  from  the  fact  that  glass  is  a 
conductor  of  heat,  the  sides  become  unequally  heated,  and  consequ 
unequally  expanded,  which  causes  a  fracture. 

When  bodies  have  been  heated  to  a  high  temjMjrature,  the  force 
duced  by  their  contraction  on  cooling  is  very  considerable ;  it  is  equ 
the  force  which  is  needed  to  compress  or  expand  the  material  to  the  1 
extent  by  mechanical  means.  According  to  Barlow,  a  bar  of  malleable 
a  square  inch  in  section  is  stretched  yoood^^  o^  »^s  length  by  a  weight 
ton  ;  the  same  increase  is  experienced  by  about  9°  C.  A  diflerencc  o 
C.  between  the  cold  of  winter  and  the  heat  of  summer  is  not  unfrequi 
experienced  in  this  countr>'.  In  that  range,  a  wrought-iron  bar  ten  in 
long  will  vary  in  length  by  jj-.ih  of  an  inch,  and  will  exert  a  strain,  if  its 
are  securely  fastened,  of  fifty  tons.  It  has  been  calculated  from  Joule's 
that  the  force  exerted  by  heat  in  expanding  a  pound  of  iron  between  o' 
100°,  during  which  it  increases  about  2J5  of  its  bulk,  is  equal  to  l( 
foot-pounds  ;  that  is,  it  could  raise  a  weight  of  7  tons  through  a  height  of 
foot. 

(i.)  An  application  of  this  contractile  force  is  seen  in  the  mode  of  s< 
ing  tires  on  wheels.  The  tire  being  made  red-hot,  and  thus  consida 
expanded,  is  placed  on  the  circumference  of  the  wheel  and  then  co< 
The  tire,  when  cold,  embraces  the  wheel  with  such  force  as  not  onl 
secure  itself  on  the  rim  but  also  to  press  home  the  joints  of  the  spokes 
the  felloes  and  n.ive.  (ii.)  Another  interesting  application  was  made  xt 
case  of  a  galler>'  at  the  Conservatoire  des  Arts  et  MtJtiers  in  Paris,  the  1 
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viiicii  had  begun  to  bulge  outwards.  Iron  bars  were  passed  across  the 
-ildtog  and  screwed  into  plates  on  the  outside  of  the  walls.  Each  ahemate 
ii  was  i^m  healed  by  means  of  lamps,  and  when  the  bar  had  expanded 
*a»  soewed  up.  The  bars  being  then  allowed  to  cool  contracted,  and  in 
Eloing  drew  the  walls  together.  The  sa'nc  operation  was  performed  on 
!  Other  bars. 

pa  iSMBiietuiftUoii  pendulum.— An  important  application  of  the  ex- 
;;t2isiofi  of  metals  has  been  macle  in  the  competisation  pendahtfn.  This  is 
a  pciidlihitp  in  which  the  elongation,  when  the 
ri&es^  is  so  compensated  that  the 
*>^*^**^n  f»rr  centre  of  suspension  and 
I  iJon{So)  remains  constant^ 
wtr^iLii,  ini«i»  ihc  Ja^s  of  the  pendulum  (81),  is 
•QCUMiiry  for  isochronous  oscillations,  and  in 
<wSer  that  the  pendulum  may  be  used  as  a 
nfnlatur  of  clocks. 

In  fig.  280,  which  represents  the  gridiron 
podolttm,  one  of  tlic  commonest  forms  of  com- 
psisatkici  pendulum,  the  ball,  L,  instead  of 
feoQg  sopported  by  a  single  rod,  is  supported 
hf  a  framework,  consisting  of  alternate  rods  of 
lieei  and  bra^s.  In  the  6gure,  the  shaded  rods 
ff|«aent  steel  ;  including  a  smnll  steel  rod,  b^ 
vkidi  Mppon$  the  whole  of  the  apparatus, 
there  are  >ix  of  them.  Tlie  rest  of  the  rrjds, 
'  m  nurninf  Ax^  of  brass.  The  rod  /,  which 
pan  is  fixed  at  its  upper  end  to  a 

laocu^.  »;**,  f» ;   at  its  lower  end  it  is 

^aaxi  pa  ^h  the  two  circular  holes 

\  sd^  lower  tiiiM/'MjuJ  cross-pieces, 

So«  it  i*  easy  to  sec  from  the  manner  in 
v«  '  !s  are  fixed  to  tlic  cniss- 
1  ition  of  the  steel  rods  can 

duwnward,   and    that   of  the 
Iff  J      Conscriucntly,   in    order 
-nay  remain  of  the    sann- 
that  the  elongation   **i 
T  1    to   make   the  ball 

x-i      ,  I*    quantity   that   the 

of  the  iieci  rod  tends  to  lower  it ; 
«4a  the  vam  of  ihc  lengths  of  the  steel  rods  A  is  to  the  sum  of  the  lengths 
t#ttehcBi  rodi  B  In  the  inverse  ratio  of  the  coefficients  of  expansion  of 
UrI  jnd  hniM,  a  and  h  \  that  i%  in  the  proportion  A  :  B  -^  :  <7. 

The  eloo^aikm  ol  tJic  rod  may  also  be  compensated  for  by  means  of 
%mftmmiini  Miript,  These  consist  of  two  blades  of  copper  and  iron 
iMffed  tofcthet  and  fixed  to  the  pendulum  rod«  as  represented  in  fig.  28 1. 
Tb  caliper  blade,  which  is  more  expansible,  is  below  the  iron.  When  the 
tapofare  ihiks^  the  pendulum  nxl  becomes  shorter^  and  the  ball  rises.  But 
\  «tfce  OIK  ifane  the  compensating  strips  become  cuned,  as  seen  in  fig,  282, 


result  which  is  attained 
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in  consequence  of  the  copper  contracting  more  than  the  iron,  and  two 
metallic  balls  at  their  extremities  become  lower.   If  they  have  the  proper  size 


Fig.  381. 


Fig.  38a. 


Fig.  283. 


in  reference  to  the  pendulum  ball,  the  parts  which  tend  to  approach  the 
centre  of  suspension  compensate  those  which  tend  to  remove  from  it,  and  the 
centre  of  oscillation  is  not  displaced.  If  the  temperature  rises,  the  pendu- 
lum ball  descends ;  but  at  the  same  time  the  small  balls  ascend,  as  shown  in 
^g.  283,  so  that  there  is  always  compensation. 

One  of  the  most  simple  compensating  pendulums  is  the  mercury  pendm^' 
lum^  invented  by  an  English  watchmaker,  Graham.  The  ball  of  the  pendn- 
lum,  instead  of  being  solid,  consists  of  a  glass  cylinder,  containing  pore  . 
mercury,  which  is  placed  in  a  sort  of  stirrup,  supported  by  a  steel  rod. 
When  the  temperature  rises  the  rod  and  stirrup  become  longer,  and  thus 
lower  the  centre  of  gravity  ;  but  at  the  same  time  the  mercury  expands,  and, 
rising  in  the  cylinder,  produces  an  inverse  effect,  and  as  mercury  is  mocb 
more  expansible  than  steel,  a  compensation  may  be  effected  without  maldqp  ^ 
the  mercurial  vessel  of  undue  dimensions. 

The  same  principle  is  applied  in  the  compensating  balances  of  chronometeif  - 
(fig.  284).  The  motion  here  is  regulated  by  a  balance  or  wheel,  furnished  witfi  : 
a  spiral  spring  not  represented  in  the  figure,  and  the  time  *^ 
^^^^^  of  the  chronometer  depends  on  the  force  of  the  spring,  the  ;* 
^y  mass  of  the  balance,  and  on  its  circumference.  Nor  ;  - 
when  the  temperature  rises  the  circumference  increaso^  ^ 
and  the  chronometer  goes  slower ;  and  to  prevent  tw^  '^^ 
part  of  the  mass  must  be  brought  nearer  the  axis.  Tl*  f 
circumference  of  the  balance  consists  of  compensativf  "^ 
strips  BC,  of  which  the  more  expansible  metal  is  on  A*  * 
outside,  and  towards  the  end  of  these  are  small  masH* 
of  metal  D,  which  play  the  same  part  as  the  balls  in  the  above  case.  Whe»  -^^ 
the  radius  is  expanded  by  heat,  the  small  masses  are  brought  nearer  tfc0  ^ 
centre  in  consequence  of  the  curvature  of  the  strips  ;  and  as  they  can  bS  ^^^ 
fixed  in  any  position,  they  are  easily  arranged  so  as  to  compensate  for  ^  ^ 
expansion  of  the  balance.  It  may,  however,  here  be  observed  that  thechw  ^ 
action  of  heat  on  chronometers  is  to  expand  and  soften  the  spring,  U^ 
thereby  lessen  its  elasticity  ;  this  action  produces  five  times  the  effect  da^ 
the  expansion  of  the  balance-wheel  docs. 


^ 


Fig.  284. 
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CHAPTER   III. 

EXPANSION  OF  LIQUIDS. 

32 1.  AypareBt  and  real  ezpanslon. — If  a  flask  of  thin  glass,  provided 

with  a  narrow  stem,  the  flask  and  part  of  the  stem  being  filled  with  some 

coloured   liquid,  be  immersed  in  hot  water 

(fig.  285),  the  column  of  liquid  in  the  stem  at 

first  sinks  from  b  to  a,  but  then  immediately 

after  rises,  and  continues  to  do  so  until  the 

bqaid  inside  has  the  same  temperature  as  the 

hot  water.     This  first  sinking  of  the  liquid  is 

Dot  doe  to  its  contraction  ;  it  arises  from  the 

expansion  of  the  glass,  which  becomes  heated 

before  the  heat  can  reach  the  liquid  ;  but  the 

opansion  of  the  liquid  soon  exceeds  that  of 

the  ^lass,  and  the  liquid  ascends. 

Hence  in  the  case  of  liquids  we  must  dis- 

tin^ish  between  the  apparent  and  the  real 
or  absolute  expansion.  The  apparent  expan- 
iion  is  that  which  is  actually  observed  when 
liquids  contained  in  vessels  are  heated  ;  the 
tbtoluU  expansion  is  that  which  would  be 
obser\'ed  if  the  vessel  did  not  expand  ;  or,  as 
this  is  never  the  case,  it  is  the  apparent  ex- 
pansion corrected  for  the  simultaneous  expansion  of  the  containing  vessel. 

.-Vs  has  been  already  stated,  the  cubical  expansion  of  liquids  is  alone 
considered  ;  and  as  in  the  case  of  solids,  the  coefficient  0/ expansion  of  a 
liquid  is  the  increase  of  the  unit  of  volume  for  a  single  degree ;  but  a 
istinaion  is  here  made  between  the  coefficient  0/ absolute  expansion  and  the 
istficient  of  apparent  expansion.  Of  the  many  methods  which  have  been 
employed  for  determining  these  two  coefficients,  we  shall  describe  that  of 
I>QloDg  and  Petit. 

322.  Ooefldeat  of  tlie  absolute  ezpantlon  of  merenry.-  In  order  to 
Pennine  the  coefficient  of  the  absolute  expansion  of  mercury,  the  influence 
of  the  envelope  must  be  eliminated.  Dulong  and  Petit's  method  depends  on 
the  hydrostatical  principle  that,  in  two  communicating  vessels,  the  heights 
of  r»o  columns  of  liquid  in  equilibrium  are  inversely  as  their  densities  (108), 
1  principle  independent  of  the  diameters  of  the  vessels,  and  therefore  of 
'their  expansions. 

The  apparatus  consists  of  two  glass  tubes,  A  and  B  ffig.  286),  joined  by  a 
capilory  tube  and  kept  vertical  on  an  iron  support,  KM,  the  horizontality 
<rf  »hich  is  adjusted  by  means  of  two  levelling  screws  and  two  spirit-levels^ 


Fig.  285. 
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m  and  n.  Each  of  the  tubes  is  surrounded  by  a  metal  case,  of  which  the 
smaller,  D,  is  filled  with  ice  ;  the  other,  E,  containing  oil,  can  be  heated  by 
the  furnace,  which  is  represented  in  section  so  as  to  show  the  case.  Mercury 
is  poured  into  the  tubes  A  and  B  ;  it  remains  at  the  same  level  in  both,  as 


long  as  they  are  at  the  same  temperature,  but  rises  hi  B  in  proportioii  as  k 

is  heated,  and  expands. 

Let  //  and  ^  be  the  height  and  density  of  the  mercury  in  the  leg  A«  at  tlie 
temperature  zero,  and  //'  and  tf  the  same  quantities  in  the  leg  B,  From  llie 
hydrostatical  principle  previously  cited  we  have  had  hd-^h'd'.     Now  f ran 

the  problem  in  Art.  318,  {f^^^       D  being  the  cocfficicnl  of  absote 

expansion  of  mercury ;  substituting  this  value  of  <f  in   the  equation^  ipi 

.     -^-  ^  hd^  from  which  we  get  D  «  — — 


havc- 


The  coefficient  of  absolute  expansion  of  mercury  is  obtained  horn  t^ 
formula,  knowing  the  heights  h'  and  A,  and  the  temperature  /  of  the  bath  iii 
which  the  tube  B  is  immersed.  In  Dulong  and  Petif^s  cxpenmcnt  thii 
temperature  was  measured  by  a  weight  thermnmcter,  P  (323),  the  nnrcurf  *"f 
which  overflowed  into  the  basin,  C,  and  by  means  of  an  air  thermometer,  T 
(331)  ;  the  heights  h*  and  k  were  measured  by  a  cathctomcter,  K  (89). 

Dutong  and  Petit  found  by  this  method  that  the  cocflicicnt  of  ahsdl 
expansion  of  mcrcur>'  Ijetwcen  o''  and  100°  C  is  -^^^,  But  the>*  found 
tltc  coeftlcicnt  increased  with  the  temperature.  Between  100'  and 
it  is  i,Vc»  ^^^  between  2qo^  and  300*'  it  is  5^^^-;*  The  same  obscrrati 
has  been  made  in  reference  to  other  liquids^  showing  that  their  expansioB 
is  not  regular.  It  has  been  found  that  this  expansion  is  less  regular  10 
praportioo  v&  liquids  arc  near  a  change  in  their  state  of  aggregation  ;  that 
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is,  approach  their  freezing  or  boiling  points.  Dulong  and  Petit  found  that 
the  expansion  of  mercury  between  -  j/b""  and  locP  is  practically  quite  uniform. 

Regnault,  who  determined  this  important  physical  constant,  found  that 
the  mean  coefficient  between  o**  and  100**  is  ^^^  between  lod*  and  200^ 
i/fj,  and  between  200°  and  300%  ^/jg. 

323-  0»<agtom  of  tbm  Apparent  ezprnaslon  of  moreiirT.~-The  co- 
efficient of  apparent  expansion  of  a  liquid  varies  with  the  nature  of  the 
envelope.  That  of  mercury  in  glass 
«^  determined  by  means  of  the 
a;^ratus  represented  in  fig.  287. 
I:  consists  of  a  glass  cylinder  to 
«h*ch  is  joined  a  bent  capillary 
{Uss  tube,  open  at  the  end. 

The  apparatus  is  weighed  first 
empty,  and  then  when  filled  with  Fig.  387. 

mercur)-  at   zero:    the   difference 

give  the  weight  of  the  mercury,  P.  It  is  then  raised  to  a  known  temperature^ 
/:  the  mercury  expands,  a  certain  quantity  passes  out,  which  is  received  in 
!kc  capsule  and  weighed.  If  the  weight  of  this  mercury  be  /,  that  of  the 
Qercury  remaining  in  the  apparatus  will  be  P  -/. 

When  the  temperature  is  again  zero,  the  mercury  in  cooling  produces  an 

^oty  space  in  the  vessel,  which  represents  the  contraction  of  the  weight  of 

T'.r'.jr>-  P-/,  from  /*  to  zero,  or,  what  is  the  same  thing,  the  expansion 

•  :i;e  ^'tnie  weight  from  o  to  /=*;  that  is,  the  weight  p  represents  the  ex- 

>i-.  .jn  of  the  weight  P-/,  for  iT.     If  this  weight  expands  in  glass  by  a 


'.^ir.tity/  for  /^,  a  single  unit  of  weight  would  expand      -^       for   /®, 


and 


for  a  single  degree ;  consequently,  for  D',  the  coefficient  of  ap- 

P*:tn!  expansion  c»f  mercury   in  glass,  we  have  D'-  ,,^      .,  •        Dulonj,' 

i"-:  I'ctit  found  the  coefficient  of  apparent  expansion  of  mercury  in  glass  to 
>  ;_ . 

':-X.  Wotfftof  tbennooietar. — The  apparatus  represented  in  fig.  287  is 
'^■•sc  the  'weight  thermometer^  because  the  temperature  can  be  deduced 
^'T.  :hc  uci;;ht  of  mercury  which  overflows. 

The  alx»ve  experiments  have  placed  the  coefficient  of  apparent  expansion 

•^  .'.  ;  we  have  therefore  the  equation  ,„     ..    -  i.i^iij  from  which  we  get 

'  •  xf^-*  *  formula  which  gives  the  temperature  /  when  the  weights  P  and 

^  <re  Known. 

3-5.  CooSeiottt  of  tlie  espaiMloBof  rl^M. — As  the  absolute  expansion 
^3  li'^uid  is  the  apparent  expansion, //i/j  the  expansion  due  to  the  envelope, 
***V  r'icfficient  of  the  cubical  expansion  of  glass  is  obtained  by  taking  the 
^  .•?'  rcnce  between  the  coefficient  of  absolute  expansion  of  mercury  in  glass 
V:c  :hat  of  its  apparent  expansion.  That  is,  the  coefficient  of  cubical  expan- 
*>'r.  of  giais  is 

«5-  -  6  A.  -  5i?-s«  =  0-00002584. 
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Regnault  found  that  the  coefficient  of  expansion  varies  with  difTerent 
kinds  6f  glass,  and  further  with  the  shape  of  the  vessel.  For  ordinary 
chemical  glass  tubes,  the  coefficient  is  0-0000254. 

326.  Ooefioients  of  ezpaiMioB  of  Tartons  liquids. — The  coefficient  of 
apparent  expansion  of  liquids  may  be  determined  by  means  of  an  application 
of  the  principle  of  the  weight  thermometer,  and  the  absolute  expansion  is 
obtained  by  adding  to  this  coefficient  the  expansion  of  the  glass. 

Mean  coefficients  of  absolute  expansion  0/ liquids  for  1°  C. 

Mercury  .        .        .  0*00018  Fixed  oils  .        .        .  0*00080 

Water  saturated  with  Nitric  acid  .        .  o*ooiio 

salt  .        .  0*00050  Alcohol      .        .        .  0*00104 

Sulphuric  acid         .0*00063  Bisulphide  of  carbon  .  0*00114 

Oil  of  turpentine      .  0*00090  Chloroform         .        .  O'ooi  1 1 

Ether       .        .        .  0*00015  Bromine     .        .        .  0*00104 

The  numbers  here  given  only  hold  for  moderate  temperatures.  The  co- 
efficient of  expansion  of  almost  all  liquids  increases  gradually  from  zero,  and 
can  only  be  expressed  with  accuracy  by  a  somewhat  complicated  formula 

V/-Vo(i+€i/  +  /3/«  +  yO 

in  which  /  is  the  temperature,  and  a,  /3,  and  y  are  constants  specially  deter- 
mined for  each  liquid.  The  expansion  of  mercury  is  practically  constant 
between  —36°  and  100°  C,  while  water  contracts  from  zero  to  4°,  and  then 
expands. 

For  many  physical  experiments  a  knowledge  of  the  exact  expansion  of 
water  is  of  great  importance.  This  physical  constant  was  determined  with 
great  care  by  Matthiessen,  who  found  that  between  4°  and  yf  it  may  be 
expressed  by  the  formula 

V/-  I  -0*00000253  (/-4)  +0*0000008389  (/-4)^  +0*00000007173  (7-4)'; 

and  between  30  and  100  by  V/ - 0999695  +  0*0000054724/*  +  0*00000001 126^. 
Many  liquids,  with  low  boiling  points,  especially  condensed  gases,  have  vtrf 
high  coefficients  of  expansion.  Thilorier  found  *that  liquid  carbonic  add 
expands  four  times  as  much  as  air.  Drion  confirmed  this  observation  and 
has  obtained  analogous  results  with  chloride  of  ethyle,  liquid  sulphurous 
acid,  and  liquid  hyponitrous  acid. 

327.  Oorreotloii  of  the  barometrlo  lielrlit. —  It  has  been  already  ex- 
plained under  the  b«irometer  (164),  that,  in  order  to  make  the  indications  of 
this  instrument  comparable  in  different  places  and  at  different  times,  they 
must  be  reduced  to  a  uniform  temperature,  which  is  that  of  melting  ice.  The 
correction  is  made  in  the  following  manner  :  - 

Let  H  be  the  barometric  height  at  /°,  and  //  its  height  at  zero,  d  the 
density  of  mercury  at  zero,  and  d'  its  density  at  /**.     The  heights  H  and^ 

are  inversely  as  the  densities  ^and  d' ;  that  is,  ^  -    -     If  we  call  one  the 

H      a 

volume  of  mercur>'  at  zero,  its  volume  at  (°  will  be  i  +  D/,  D  being  the  co- 
efficient of  absolute  expansion  of  mercur>'.    But  these  volumes,  i  +  D/  and  I* 

are  inversely  as  the  densities  of  d  and  d' :  that  is    -;  -       ,  - .  Consequcntlyi 

^     I  +  D/  ^ 
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k        \  H 

--         . whence A«« — =-.    Replacing  D   by  its  value  55^0,,  we  have 

h         H  SSp8H 

SS08 

In  this  calculation,  the  coefficient  of  absolute  expansion  of  mercury  is 
taken,  and  not  that  of  apparent  expansion  ;  for  the  value  H  is  the  same  as 
if  the  glass  did  not  expand,  the  barometric  height  being  independent  of  the 
(liameter  of  the  tube,  and  therefore  of  its  expansion. 

328.  CorreetloB  of  thennoiBetrlo  readinrs. — If  the  whole  column  of 
incrcur>'  of  a  thermometer  is  not  immersed  in  the  space  whose  temperature 
is  to  be  determined,  it  is  necessary  to  make  a  .correction,  which  in  the 
accurate  determination  of  boiling  points,  for  instance,  is  of  great  import- 
ance, in  order  to  arrive  at  the  true  temperature  which  the  thermometer 
should  show.  That  part  of  the  stem  which  projects  will  have  a  tempera- 
ture which  must  be  estimated,  and  which  may  roughly  be  taken  as  some- 
thing over  that  of  the  surrounding  air. 

Supposing,  for  instance,  the  actual  reading  is  160°  and  that  the  whole  of 
th.c  part  over  80®  is  outside  the  vessel,  while  the  temperature  of  the  surround- 
:r.^'  air  is  15^  We  will  assume  that  the  mean  temperature  of  the  stem  is  25°, 
ar.-i  that  a  length  of  i6o°-8o°  is  to  be  heated  through   160-25  =  ^35°  ;  this 

^Ucs  80  X  -?^    =  1*66  (taking  the  coefficient   of  apparent  expansion   of 
6400 

r.crcur)-)  ;  so  that  the  true  reading  is  i6r66. 

3r'>.  Force  exertod  bj  liquids  In  ezpandlngr. — The  force  which  liquids 
tttn  in  expanding  is  very  great,  and  equal  to  that  which  would  be  required 
"  ^-rdtT  to  bring  the  expanded  liquid  back  to  its  original  volume.  Now  we 
ir.-.'A  what  an  enormous  force  is  required  to  compress  a  liquid  to  even  a 
'T-;  small  extent  (98).  Thus  between  0°  and  10°,  mercury  expands  by 
-  j:  1 5790  of  its  volume  at  0°  ;  its  compressibility  is  0*00000295  ^^  ^^s  volume 
■  •  "Hc  atmosphere  ;  hence  a  pressure  of  more  than  600  atmospheres  would 
J?  rtf^uisite  to  prevent  mercury  expanding  when  it  is  heated  from  0°  to  lo"^. 

3jo.   iffowlmnm   densltj   of  water. — Water  presents  the   remarkable 
■er...menon  that  when  its  temperature   sinks  it   contracts  up   to  4°  ;  but 
'"  rnthat  }x>int,  although  the  cooling  continues,  it  expands  up  to  the  freezing 
^  nt,  so  that  4^  represent  the  point  of  greatest  contraction  of  water. 

Many  methods  have  been  used  to  determine  the  maximum  density  of 
'■^>r.  Hop>e  made  the  following  experiment  : — He  look  a  deep  vessel 
'trf.  rated  by  two  lateral  apertures,  in  which  he  fixed  thermometers,  and 
•V.ir.^'  rilled  the  vessel  with  water  at  0°,  he  placed  it  in  a  room  at  a  tem- 
per *r-jrc  of  15'.  .As  the  layers  of  liquid  at  the  sides  of  the  vessel  became 
•■i*k:cii  they  sank  to  the  bottom,  and  the  lower  thermometer  marked  4°  w  liilc 
'he  jpper  one  was  still  at  zero.  Hope  then  made  the  inverse  experiment  ; 
**ji.-;r.^' filled  the  vessel  with  water  at  15°,  he  placed  it  in  a  room  at  zero. 
Vr.t  lower  thermometer  having  sunk  to  4°  remained  stationary  for  some 
'-ni';.  Ahilethe  upper  one  cooled  down  until  it  reached  zero.  Both  these 
tvp^nmcnts  prove  that  water  is  heavier  at  4°  that  at  0°,  for  in  both  cases  it 
iirStis  to  the  lower  part  of  the  vessel. 
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This  last  experiment  may  be  adapted  for  lecture  illustration  by  using  a 
cylinder  containing  water  at  15°  C,  partially  surrounded  by  a  jacket  contain- 
ing bruised  ice  (fig.  288). 

Hallstrom  made  a  determination  of  the  maximum  density  of  water  in  the 
following  manner :— He  took  a  glass  bulb,  loaded  unth  sand,  and  weighed  it 

in  water  of  different  temperatures.  Allow- 
ing for  the  expansion  of  glass,  he  found 
that  4*1°  was  the  temperature  at  which  it 
lost  most  weight,  and  consequently  this 
was  the  temperature  of  the  maximum 
density  of  water. 

Despretz  arrived  at  the  temperature 
4°  by  another  method.  He  took  a  water 
thermometer — that  is  to  say,  a  bulbed 
tube  containing  water— and,  placing  it  in 
a  bath,  the  temperature  of  which  was  in- 
dicated by  an  ordinary  mercury  thermo- 
meter, found  that  the  water  contracted  to 
the  greatest  extent  at  4"^,  and  that  this 
therefore  is  the  point  of  greatest  density. 
This  phenomenon  is  of  great  import- 
ance in  the  economy  of  nature.  In  winter 
the  temperature  of  lakes  and  rivers  falls, 
from  being  in  contact  with  the  cold  air 
Kig.  288.  and  from  other  causes,  such  as  radiation. 

The  cold  water  sinks  to  the  bottom,  and 
a  continual  scries  of  currents  goes  on  until  the  whole  has  a  temperature  of 
4®.  The  cooling  on  the  surface  still  continues,  but  the  cooled  layers  being 
lighter  remain  on  the  surface,  and  ultimately  freeze.  The  ice  formed  thus 
protects  the  water  below,  which  remains  at  a  temperature  of  4®,  even  in  the 
most  severe  winters,  a  temperature  at  which  fish  and  other  inhabitants  of 
the  water  are  not  destroyed. 

The  following  table  of  the  density  of  water  at  various  temperatures  is 
based  on  several  sets  of  observations  : — 

Density  o/wa/cr  between  0°  and  30°. 


1  Tempe- 
raturcii 

I>cnsitie> 

Tcmpc- 
raiurcN 

DcnMlics 

Tempe-  ; 
raturcs 

Densities 

0 

o-9(/>88 

,, 

099965 

22 

0-99785 

I 

0-99993 

I  "^ 

oc;9955 

23 

099762 

'        2 

0(;9997 

13 

099943 

24 

099738 

3 
4 

099999 
I  00000 

14 
15 

099930 
o-9<>9'5 

% 

099704 
099089 

5 

6 

7 
8 

9 
10 

ow;9i> 

0'v99<M 
o<></;88 
o-99<;82 
099974 

16 

17 
18 

19 
20 
21 

1    q  q  q  q  q  q 
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1  1 1  expansion  of  gases  need  alone  be  considered. 

-Lus^aic  hrs?  determined  the  coefficient  of  the  expansion  of  gases  by 
f  the  apparatus  represented  in  fig.  289. 

rectangular  metal  bath,  about  16  inches  long,  was  fitted  an  air 
f,  i^hich  consisted  of  a  capillar)'  tube,  AB,  with  a  bulb,  A,  at  one 
r  tube  was  divided  into  parts  of  equaJ  capacity,  and  the  contents  of 
ccnaincd  in  terms  of  these  parts.  This  was  eflected  by  weighing 
t  baH^aikd  tube  full  of  mercur>'  at  zero,  and  then  heating  slightly  to  ex- 
I  m  imall  quantity  of  mercur>^,  which  was  weighed     The  apparatus  being 


TO  7cro,  the  vacant  space  in  the  tube  corresponded  to  the 
I  flowed  ;  I  be  volume  of  mercury  remaining 
ly  the  volume  of  the  bulb,  was  deteniiined 
'   made  for  the  piezometer  (98),      n 

.,.,    ;,,^  L jietcr  with  dry   air  it  was  first  filled  with 

h  was  boiled  tn  the  bulb  itself*     A  tube^  C,  filled  with  chloride 

»v.^.  *^  '■  ' '  *T  to  its  end  by  means  of  a  cork.    A  tine  platinum 

iuced  into  the  stem  AB,  through  the  tube  C,and 

,    inclined  and  agitated  from  time  to  lime,  air 

>ly  well  dried  by  passing  through  the  chloride  ctf 

le  of  the  mcrcur>'  was  displaced,  with  the  exception 

n  remained  in  the  tube  AB  as  an  index. 
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The  air  thermometer  was  then  placed  in  the  box  filled  with  melting  ice, 
the  index  moved  towards  A,  and  the  point  was  noted  at  which  it  became 
stationary.  This  gave  the  volume  of  air  at  zero ;  for  the  capacity  of  the 
bulb  was  known.  Water  or  oil  was  then  substituted  for  the  ice,  and  the 
bath  successively  healed  to  different  temperatures.  The  air  expanded  and 
moved  the  index  from  A  towards  B.  The  position  of  the  index  in  each 
was  noted,  and  the  corresponding  temperature  was  indicated  by  means  of 
the  thermometers  D  and  E, 

Assuming  that  the  atmospheric  pressure  did  not  vary  during  the  experi- 
ment, and  neglecting  the  expansion  of  the  glass  as  being  small  in  comparison 
with  that  of  the  air,  the  total  expansion  of  the  air  is  obtained  by  subtracting 
from  its  volume  at  a  given  temperature,  its  volume  at  zero.  Dividing  this  by  a 
given  temperature,  and  then  by  the  number  of  units  contained  in  the  volume 
at  zero,  the  quotient  is  the  coefficient  of  expansion  for  a  single  unit  of  volume 
and  a  single  degree;  that  is,  the  coefficient  of  expansion.  It  will  be  sccfit 
further  on,  how  corrections  for  pressure  and  temperature  may  be  introduced. 

By  this  method  Gay-Lussac  found  that  the  coefficient  of  expansion  of  «r 
was  0*00375 ;  the  two  following  laws  hold  in  reference  to  the  expanskn  of, 
gases  v — 

L  A  li  gases  hat^e  the  same  coefficient  0/  expansion  as  air. 

1 1 .  This  coefficient  is  the  same  whatexfer  be  the  pressure  supported fy  Mr/KL 

These  simple  laws  are  not,  however,  rigorously  exact  (333) ;  they  ooljt 
express  the  expansion  of  gases  in  an  approximate  manner  These  laws  ««re 
discovered  independently  by  Dalton  and  by  Gay-Lussac,  and  arc  usttallj 
ascribed  to  them.  The  first  discoverer  of  the  former  law  was,  however* 
Charles. 

332.  VroMema  on  tlie  ezpaasloB  of  ^a^oo. —  Many  of  the  probkiiB 
relative  to  the  expansion  of  gases  are  similar  to  those  on  the  expansion  of 
liquids.  With  obvious  modifications,  they  are  solved  in  a  similar  manner. 
In  most  cases  the  pressure  of  the  atmosphere  must  be  taken  into  account  io 
considering  the  expansion  of  gases.  The  following  is  an  example  of  the 
manner  in  which  this  correction  is  made : — 

i*  The  volume  of  a  gas  at  /°,  and  under  the  pressure  H,  is  V;  what  will 
be  the  volume  V  of  the  same  gas  at  zero,  and  under  the  tiormal  pressure 
760  millimetres? 

Here  there  are  two  corrections  to  be  made ;  one  relati\'e  to  the  tempo*- 
ture,  and  the  other  to  the  pressure.  It  is  quite  immaterial  which  is  taken 
tirst.  If  a  be  the  cocDicient  of  cubical  expansion  for  a  single  degieer  bf 
reasoning  similar  to  that  in  the  case  of  linear  expansion  (318)1  the  voluinf  «t 

the  gas  at  zero,  but  still  under  the  pressure  H,  will  be  —      .    This  piuiAf 

is  reduced  to  the  pressure  760  in  accordance  witli  Boyle^s  law  (tSoV^ 

V  VH 

putting  V  X  760  «  — ^  X  H  ;    whence   V  -  --^—^ ^  • 

^  *  l+O/  760(1  +<!/) 

ii.  A  volume  of  gas  weighs  P'  at  /** ;  what  will  be  its  weight  at  iCfo? 

Let  V  be  the  desired  weight,  u  the  coefficient  of  expansion  of  the 

d'  its  density  at  Z*',  and  d  its  density  at  zero.    As  the  weights  xA  «j«i 

volumes  are  proportional  to  the  densities,  we  have  -,  ••  ^4    If  i  be 
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votame  of  1  gas  at  zero,  its  volume  at  /  will  be  i  +  a/ :  but  as  the  densities 

J/        . 
ler  mvcrsely  as  the  volumes    *  « ^, 

aid  ^o^elbre  ^'=  _L_  ;  whence  P -  F'  (i  +  a(\ 

p 


which  gives  the  weight  at  /, 


From  ihis  equation  we  get   P' 

\  -tat 

toowiitg  the  weight  at  zero,  and  which  further  shows  that  the  weight  P'  is 

mw^TM^y  as  the  binomial  of  expansion  i  +  a/. 

333-    SasBBolt's  method. — Regnault   used  successfully   four   different 

fHhiHtf  for  determining  the  expansion  of  gases.     In  some  of  them  the 

^tmtmn  was  constant  and  the  volume  variable,  as  in  Gay*Lussac^s  method  ; 

)m  <ithcr§  the  volume  remained  the  same  white  the  pressure  varied.     The 

tim  method  will  be  described.     It  is  the  same  as  that  used  by  Rudberg  and 

KMoQ^t  but  is  distinguished  by  the  care  with  which  all  sources  of  error  arc 

The  appomlus  consisted  of  a  pretty  large  cylindrical  reservoir,  B  (fig. 
apoHi,  tcfmmai mg  in  a  bent  capillary  tube.     In  order  to  611  the  resen  oir  with 
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fail;  ft  waai  placed  in  a  hot*water  bath,  and  the  capillary  tube  connected 
\  a  cKiotchooc  ttibe  with  a  series  of  drying  tubes.  These  tubes  were 
••d  to  a  stmll  air-pump,  P»  by  which  a  vacuum  could  be  produced  in  the 
'  while  at  a  temperature  of  ioo^»  The  reservoir  was  first  exhausted, 
afierwards  admitted  slowly  ;  this  operation  was  repeated  a  great 
nea,  wa  that  the  air  in  the  reservoir  became  quite  dry,  for  the  mois- 
keriqg  to  the  sides  passed  off*  in  vapour  at  too'',  and  the  air  which 
became  dry  in  its  passage  lii rough  the  U  tubes. 
The  re«crvoir  was  then  kept  for  half  an  hour  at  the  temperature  of  boil- 
the  air-pump  having  been  detached,  the  dr>in^^  tubes  were  then 
»aod  lb«  cod  of  the  tube  hcrmeiicaliy  scaled,  the  height  H  of 
'  btfe(S  noted.    Wlicn  the  reservoir  B  was  cool,  it  was  placed 

u  % 
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in  the  apparatus  represented  in  fig.  291.     It  was  there  quite  surrounded 
with  ice,  and  the  end  of  the  tube  dipped  in  the  mercury  bath,  C.    After  the 

air  in  the  reservx)ir  B  had  sunk  to  zero,  the 
point  b  was  broken  off  by  means  of  a  forceps ; 
the  air  in  the  interior  became  condensed  by 
atmospheric  pressure,  the  mercury  rising  to  a 
height  oG,  In  order  to  measure  the  height  of 
this  column,  G^,  which  will  be  called  //,  a  mov- 
able rod,  go,  was  lowered  until  its  point,  o,  was 
flush  with  the  surface  of  the  mercury  in  the 
bath  ;  the  distance  between  the  point  o  and  the 
level  of  the  mercury  G  was  measured  by  means 
of  the  cathetometer.  The  point  b  was  finally 
closed  with  wax  by  means  of  the  spoon  a,  and 
the  barometric  pressure  noted  at  this  moment. 
If  this  pressure  be  H',  the  pressure  in  the  reser- 
voir is  W-h. 

The  reservoir  was  now  weighed  to  ascertain 
P,  the  weight  of  the  mcrcur>'  which  it  con- 
tained. It  was  then  completely  filled  with  mer- 
cury at  zero,  in  order  to  have  the  weight  P'  of 
the  mercury  in  the  reser\oir  and  in  the  tube. 
If  A  be  the  coefficient  of  the  cubical  ex- 
pansion of  glass,  and  D  the  density  of  mercury  at  zero,  the  coefficient  a 
of  the  cubical  expansion  of  air  is  determined  in  the  following  manner  :— 

P' 
The  volume  of  the  reservoir  and  of  the  tube  at  zero  is  --,  from  the  formula 
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P  =  VD  (126) ;  consequently  this  volume  is 


\y 


(«) 


at  the  temperature  /°,  assuming,  as  is  the  case,  that  the  reservoir  and  tube 
expand  as  if  they  were  solid  glass.     But  from  the  formula  P  -  VD,  the  volume 

of  air  in  the  reservoir  at  zero,  and  under  the  pressure  H'  -  ^,  is  -         .       At 

the  same  pressure,  but  at  /°,  its  volume  would  be 
P'—  P 

and  by  Boyle's  law  (180),  at  the  pressure  H,  at  which  the  tube  was  scaled, 
this  volume  must  have  been 

I)H     "         " 

Now  the  volumes  represented  by  these  formuhr,  (i)  and  (2),  are  each 
equal  to  the  volume  of  the  reser\'oir  and  the  tube  at  t* ;  they  arc  therefore 
equal.     Removing  the  denominators,  we  have 

P'ri+^/)  H  =  (P'-P)(i+a/)(H'-//; (3) 

from  which  the  value  of  a  is  deduced. 
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The  means  of  a  great  number  of  experiments  between  zero  and  100®  and 
for  pressure  between  300  millimetres  and  500  millimetres,  gave  the  following 
nmnbcrs  for  the  coefficients  of  expansion  for  a  single  degree  : — 

Air     ....  0*003667  Carbonic  acid .  .  0*003710 

Hydrogen.  .  0*003661  Nitrous  oxide .  .  0*003719 

Nitrogen   .        .        .  oxx>366i  Cyanogen        .  .  0*003877 

Carbonic  oxide .        .  0003667  Sulphurous  acid  .  0*003903 

These  numbers,  with  which  the  results  obtained  by  Magnus  closely  agree, 
show  that  the  coefficients  of  expansion  of  the  permanent  gases  differ  very 
little  ;  but  that  they  are  somewhat  greater  in  the  case  of  the  more  easily 
condensible  gases,  such  as  carbonic  and  sulphurous  acids.  Regnault  has 
farther  found  that,  at  the  same  temperature,  the  coefficient  of  expansion  of 
any  gas  increases  with  the  pressure  which  it  supports.  Thus,  while  the 
coefficient  of  expansion  of  air  under  a  pressure  of  1 10  mm.  is  0*003648,  under 
a  pressure  of  3655  mm.,  or  nearly  five  atmospheres,  it  is  0*003709. 

The  number  found  by  Regnault  for  the  coefficient  of  the  expansion  of 
air,  0*003667,  is  equal  to  ^  -  ^  nearly ;  and  if  we  take  the  coefficient  of  ex- 
pansion at  0*0036666  ...  it  may  be  represented  by  the  fraction  ^JJ-, 
*h.ch  is  convenient  for  purposes  of  calculation. 

The  :^mall  difference  in  the  expansibility  of  various  gases  maybe  ascribed 
to  the  circumstance  that  when  a  gas  is  heated  the  relative  positions  of  the 
iTorris  in  the  molecules  are  thereby  altered  ;  and  a  certain  amount  of  internal 
»ork  is  required  for  this,  which  is  different  for  different  gases. 

55a.  Air  tbermometer. — The  air  thermometer  is  based  on  the  expan- 
i.T.  of  air.  When  it  is  used  to  measure  small  differences  of  temperature,  it 
\as  :he  >ame  form  as  the  tube  used  by  Gay-Lussac  in  determining  the  ex- 
i^-.-ri-.n  of  air  fig.  289;,  that  is,  a  capillary  tube  with  a  bulb  at  the  end.  The 
r^?f:r-v»^.:r  bring  filled  with  dr)'  air,  an  index  of  coloured  sulphuric  acid  is 
ui-.-j^c  into  the  tube  ;  the  apparatus  is  then  graduated  in  Centigrade  degrees 
by  o  m^iaring  the  positions  of  the  index  with  the  indications  of  a  mercurial 
*r.*rTro: utter.  Of  course  the  end  of  the  tube  must  remain  open  ;  otherwise, 
'r.r  ai'  aV>ve  the  index  condensing  or  expanding  at  the  same  time  as  that  in 
h^b-.b.  the  index  would  remain  stationary.  A  correction  must  be  made 
i*  ta  h  -.bbervation  for  the  atmospheric  pressure. 

Wr.^-r.  cf»nsiderable  variations  of  temperature  are  to  be  measured,  the 
' •:*  h-is  a  form  like  that  used  in  Kegnault's  experiments  ;figs.  290  and  291). 
->  *^xrx:rimcnls  made  as  described  in  article  333,  P,  V\  H,  H',  and  h  may 
^-*  f  -irji.  and  the  coefficients  a  and  h  being  known,  the  temperature  /  to 
»r.i'h  the  tube  has  been  raised  is  readily  reduced  from  the  equation  (3). 

Rcv^nault  found  that  the  air  and  the  mercurial  thermometer  agree  up  to 
2fe".  but  above  that  point  mercury  expands  relatively  more  than  air.  In 
'is^s  where  very  high  temperatures  are  to  be  measured,  the  reservoir  is 
'^c  of  platinum.  The  use  of  an  air  thermometer  is  seen  in  Uulong  and 
^t\\\\  -experiment  ^322);  it  was  by  such  an  apparatus  that  Pouillct  measured 
■•ift  temperature  corTesp>onding  to  the  colours  which  metals  take  when  heated 
•3  a  rre,  and  found  them  to  be  as  follows  : — 
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Incipient  red 

.   525'' c. 

Dark  orange  . 

.     iioo*»C 

DuU  red 

.    700 

White    . 

.     1300 

Cherry  red    . 

.    900 

Dazzling  white 

1500 

In  the  measurement  of  high  temperatures  Deville  and  Troost  used  with 
advantage  the  vapour  of  iodine  instead  of  air,  and,  as  platinum  has  been 
foimd  to  be  permeable  to  gases  at  high  temperatures,  they  employed  porce- 
lain instead  of  that  metal. 

The  expansion  of  gases  has  been  determined  by  Jolly  by  means  of  a 
fonn  of  apparatus  which  is  also  a  convenient  form  of  air  thermometer  {^. 
292).  A  quadrangular  post  rests  on  a  tripod ;  on  one  side 
of  this  post  is  a  graduated  glass  scale,  while  in  the  two 
others  are  grooves  in  which  screw-blocks  A  and  A  can 
be  slid  up  and  down  and  adjusted  at  any  height. 

A  glass  bulb  a  is  prolonged  in  a  tube  bent  twice,  the 
end  of  which  is  provided  with  a  stopcock,  not  shown  in 
the  figure,  and  in  which  can  be  fitted  a  glass  tube  R  sup- 
ported by  the  block  A.  This  again  is  fitted  to  a  flexit^ 
india-rubber  tube,  at  the  other  end  of  which  is  an  open 
glass  tube  R''  fixed  to  the  block  A''.  This  tube  contains 
mercury. 

The  bulb  a  having  been  filled  with  dry  air,  the  stopcodc 

is  closed,  the  tube  R  fixed,  and  the  stopcock  opened 

The  bulb  a  is  then  immersed  to  the  stem  in  melting  ioe^ 

and  when  it  is  supposed  that  the  temperature  is  stationary, 

the  tube  R'  is  moved  up  and  down  until  the  mercury  in 

the  other  limb  is  at  a  mark  S.    The  difference  between 

the  levels  of  the  mercury  at  S  and  at  R'  is  noted.     If  the 

latter  is  higher  the  difference  is  added  to,  and  if  lower 

subtracted  from,  the  barometric  height  at  the  time,  to  give 

the  pressure  h  in  the  vessel  a. 

Fig.  292.  The  bulb  a  is  then  placed  in  a  space  at  any  constant 

temperature,  and  the  same  operation  repeated  to  get  the 

pressure  h^     From  the  ratio  of  the  total  pressures  in  the  two  cases  wt 

jjet  the  coefficient  of  expansion  from  the  formula  h  \  h^  -  i  +  a/  :  i  -i-  o^. 

By  means  of  this  apparatus  Jolly  found  oxx>366957  for  the  value  of  a, 

335.  Bensltj'  of  rases. — The  relative  (tensity  of  a  gas,  or  its  specif 
gravity,  is  the  ratio  of  the  weight  of  a  certain  volume  of  the  gas  to  that  of 
the  same  volume  of  air  ;  both  the  gas  and  the  air  being  at  zero  and  under  i 
pressure  of  760  millimetres. 

In  order,  therefore,  to  find  the  specific  gravity  of  a  gas,  it  is  necessary  tt> 
determine  the  weight  of  a  certain  volume  of  this  gas  at  a  pressure  of  76® 
millimetres,  and  a  temperature  of  zero,  and  then  the  weight  of  the  same 
volume  of  air  under  the  same  conditions.  For  this  purpose  a  large  globe  of 
about  two  gallons'  capacity  is  used,  the  neck  of  which  is  provided  with  • 
stopcock,  which  can  be  screwed  to  the  air-pump.  The  globe  is  first  weighed 
empty,  and  then  full  of  air,  and  afterwards  full  of  the  gas  in  question.  Tl* 
weights  of  the  <,'as  and  of  the  air  are  obtained  by  subtracting  the  weight  rf 
the  exhausted  globe  from  the  weight  of  the  globes  filled,  respectively,  with 
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air  and  gas.  The  quotient,  obtained  by  dividing  the  latter  by  the  former, 
{im  the  specific  gravity  of  the  gas.  It  is  difficult  to  make  these  determina- 
dODS  at  the  sajxie  temperature  and  pressure,  and  therefore  all  the  weights 
are  reduced  to  zero  and  the  normal  pressure  of  760  millimetres. 

The  gases  axe  dried  by  causing  them  to  pass  through  drying  tubes  before 
t)K]F  enter  the  g:lobe,  and  air  must  also  be  passed  over  potash  to  free  it  from 
carbonic  acid.  And  as  even  the  best  air-pumps  never  produce  a  perfect 
vacanin,  it  is  necessary  to  exhaust  the  globe  until  the  manometer  in  each 
ase  marks  the  same  pressure. 

The  globe  having  been  exhausted,  dried  air  is  allowed  to  enter,  and  the 
process  is  repeated  several  times  until  the  globe  is  perfectly  dried.  It  is  then 
finally  exhausted  until  the  residual  pressure,  in  millimetres,  is  ^.  The  weight 
of  the  exhausted  globe  \sp.  Air,  which  has  been  dried  and  purified  by  passing 
dffOQgfa  potash  and  chloride  of  calcium  tubes,  is  then  allowed  to  enter 
ikHrly.  The  weight  of  the  globe  full  of  air  is  P.  If  H  is  the  barometric 
beigfat  in  millimetres,  and  /®  the  temperature  at  the  time  of  weighing,  P  -p  is 
the  weight  of  the  air  in  the  globe  at  the  temperature  /,  and  the  pressure  H-e, 

To  reduce  this  weight  to  the  pressure  760  millimetres  and  the  tempera- 
tnre  zero,  let  a  be  the  coefficient  of  the  expansion  of  air,  and  d  the  coefficient 
of  the  cubical  expansion  of  glass.     From  Boyle*s  law  the  weight,  which  is 

?-/  at  /^  and  a  pressure  of  H  -<r,  would  be  -— ~   -  ^   -  under  the  pressure 

rl  — ^ 

r'jo  milimetres  and  at  the  same  temperature  /°.     If  the  temperature  is  o*^, 

the  capacity   of  the  globe  will  diminish  in  the  ratio  i  +^/  to  i,  while  the 

»t  ,'h:  of  the  gas  increases  in  the  ratio  i  :  i  +  a/,  as  follows  from  the  problems 

«i  An.  332.     Consequently,  the  weight  of  the  air  in  the  globe  at  0°  and  at  the 

^rt--3ure  760  millimetres  will  be 

\  'irther,  let  a  be  the  coefficient  of  expansion  of  the  gas  in  question  ;  let 
r  'jt  the  weight  of  the  globe  full  of  gas  at  the  temperature  f  and  the  pres- 
=*t  H',  and  let  p'  be  the  weight  of  the  globe  when  it  is  exhausted  to  the 
r^^:-re  e ;  the  weight  of  the  gas  in  the  globe  at  the  pressure  760  and  the 
■^-p^raiure  zero  will  be 

(P'-/0     76o(i-i-«V')  ....         (2) 

bividing  the  latter  formula  by  the  former  we  obtain  the  density 

D^(P:r/')(H-o(i  +  a'0(i+^/) 

(P->;  (H'-^;  (I  +a/)  (I  +5/') 
If  the  temperature  and  the  pressure  do  not  vary  during  the  experiment, 

H-H'  and/.r;  whence  D-^^''"^'^  f '  """^V'^nd  if  a-a',  D-^'"^. 

y/j.   S«cBa«irs  metliod   of  determlniiiflr  tbe    density  of   ipiuies. — 

•'^-.j'liault  so  modified  the  above  method  that  many  of  the  corrections  may 
^  -iipensed  with.     The  globe  in  which  the  gas  is  weighed  is  suspended 
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from  one  pan  of  a  balance,  and  is  counterpoised  by  means  of  a  second  globe 
of  the  same  dimensions,  and  hemieiically  sealed,  suspended  from  the  odier. 
These  two  globes,  expanding  at  the  same  time^  always  displace  the  s^uae 
quantity  of  air,  and  consequently  variations  in  the  temperature  and  pressttwfe 
of  the  atmosphere  do  not  influence  the  weighing.  The  globe,  loo,  is  filled 
with  the  air  or  with  the  gas,  at  the  temperature  of  zero*  This  is  effected  by 
placing  it  in  a  vessel  full  of  ice,  as  shown  in  fig.  293.  It  is  then  connected 
with  a  three- way  cock,  A,  by  which  it  may  be  connected  either  with  an  air- 
pump,  or  with  the  tubes  M  and  N,  which  are  connected  with  the  reservoir 
of  gas.  The  tubes  M  and  N  contain  substances  which  by  their  action  on 
the  gas  dr>'  and  also  purify  it. 

The  stopcock  A  being  so  turned  that  the  globe  is  only  connected  *Hh 
the  air*pump,  a  v^acuum  is  produced  ;  by  means  of  the  same  cock,  the  con- 
nection with  the  pump  being  cut  off,  but  established  between  M  and  Np  1 


V^ 
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gas  soon  fills  the  globe.  But  as  the  exhaustion  could  not  ha%*e  been  i 
plete,  and  some  air  must  have  been  left,  the  globe  is  again  cx^  '  ^ 
the  gas  allowed  to  enter,  and  the  process  is  repeated  until  it  i^  ' 

air  is  removed-     The  vacuum   being  once   more  produced,  a  aiM* "    '■^' 
barometer  (fig,  14a),  connected  with  the  apparatus  by  the  lube  E,  jmiif-'**^* 
the  pressure  of  the  residual  rarefied  gas  e.     Closing  the  cock  B  and  <if  ~ 
taching  A,  the  globe  is  removed  from  the  ice,  and  after  being  dcancdi 
weighed. 

This  gives  the  weight  of  the  empty  globe  /  ;  it  is  again  replaced  ifl  I 
ice,  the  stopcock  A  adjusted,  and  the  gas  allowed  to  enter,  care  being  t 
to  leave  the  stopcocks  open  long  enough  to  allow  the  gas  in  the  globe  t©* 
quire  ihe  pressure  of  the  atmosphere,  H,  which  is  marked  by  the  1 
The  stopcock  B  is  then  closed,  A  removed,  and  the  globe  weighed  rnHtb  1 
same  precautions  as  before.    This  gives  the  weight  P'  of  the  gas. 
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The  same  operations  are  then  repeated  on  this  globe  with  air,  and  two 
corresponding  weights/  and  P  are  obtained.  The  only  correction  necessary 
is  to  reduce  the  weights  in  the  two  cases  to  the  standard  pressure  by  the 
method  described  in  the  preceding  paragraph.  The  correction  for  temperature 
is  not  needed,  as  the  gas  is  at  the  temperature  of  melting  ice.  The  ratio  of 
the  weight  of  the  gas  to  that  of  the  air  is  thus  obtained  by  the  formula 

V  -p' 


D 


337.  M%um\tj  of  fgrnrnmrn  wUeli  att»ol:  metals. — For  gases  which  attack 
the  ordinary  metals,  such  as  chlorine,  a  metal  stopcock  cannot  be  used,  and 
vessels  with  ground-glass  stoppers  are  substituted.    The  gas  is  introduced 
by  a  bent  glass  tube,  the  vessel  being  held  either  upright  or  inverted,  accord- 
ing as  the  gas  is  heavier  or  lighter  than  air  ;  when  the  vessel  is  supposed  to 
be  full,  the  tube  is  withdrawn,  the  stopper  inserted,  and  the  weight  taken. 
This  gives  the  weight  of  the  vessel  and  gas.     If  the  capacity  of  the  vessel 
be  measured  by  means  of  water,  the  weight  of  the  air  which  it  contains  is 
deduced,  for  the  density  of  air  at  o®  C.  and  760  millimetres  pressure  is  y^ 
that  of  distilled  water  under  the  same  circumstances.    The  weight  of  the 
▼essel  full  of  air,  less  the  weight  of  the  contained  air,  gives  the  weight  of  the 
'.•  :>»:I  it«^elf.    From  these  three  data — the  weight  of  the  vessel  full  of  the  gas, 
±*t  -Aci^j'ht  of  the  air  which  it  contains,  and  the  weight  of  the  vessel  alone — 
•re  s{)ecific  gravity*  of  the  gas  is  readily  deduced,  the  necessary  corrections 
>.ir.^^  made  for  temperature  and  pressure. 

Density  0/ gases  at  zero  and  at  a  pressure  0/760  miliimetrcs^  that  of  air 
being  taken  as  unity. 


Air       . 

.     1 0000 

Sulphuretted  hydro 

gen 

1-1912 

Hydrogen     . 

.     00693 

Hydrochloric  acid 

1-2540 

.\inmoniacal  gas 

.     0-5367 

Protoxide  of  nitrogen 

1-5270 

Marsh  gas    . 

.     0-5590 

Carbonic  acid 

1-5291 

Carbonic  oxide 

.     0-9670 

Cyanogen     . 

1-8600 

N::rfjj,'cn 

.     0-9714 

Sulphurous  acid  . 

2-2474 

liinoxide  of  nitrog 

en     .     I  -0360 

Chlorine 

3-4400 

Oxygen 

.     1-1057 

Hydriodic  acid     . 

4-4430 

Re-^.ault  made  the  following  determinations  of  the  weight  of  a  litre  of  the 
^Ji:  important  gases  at  0°  C.  and  760  mm.  : — 

Air.        .         .     1-293187  grms.         Nitrogen  .     1-256157  grms. 

Oxy;,'en  .         .     1-429802     „  Carbonic  acid     1-977414      „ 

Hydrogen       .     0*089578     „ 
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CHAPTER  V. 

CHANGES  OF  CONDITION.     VAPOUR. 

338.  rasioB.  Its  laws« — The  only  phenomena  of  heat  with  which  we 
liave  hitherto  been  engaged  have  been  those  of  expansion.  In  the  case  of 
solids  it  is  easy  to  see  that  this  expansion  is  limited.  For  in  proportion  as 
a  body  absorbs  a  larger  quantity  of  heat,  the  vis  viva  of  the  niolecules  is 
incresLsed,  and  ultimately  a  point  is  reached  at  which  the  molecolar  attraction 
is  not  sufficient  to  retain  the  body  in  the  solid  state.  A  new  phenomenon  is 
then  produced  ;  tnelting  or  fusion  takes  place  ;  that  is,  the  body  passes  from 
the  solid  into  the  liquid  state. 

Some  substances,  however,  such  as  paper,  wood,  wool,  and  certain  saltSi 
do  not  fuse  at  a  high  temperatiu-e,  but  are  decomposed.  Many  bodies  have 
long  been  considered  re/ractofy — that  is,  incapable  of  fusion ;  but,  in  pio> 
portion  as  it  has  been  possible  to  produce  higher  temperatures,  their  number 
has  diminished.  Gaudin  succeeded  in  fusing  rock  crystal  by  means  of  a 
lamp  fed  by  a  jet  of  ox>'gen  ;  and  Despreti,  by  combining  the  effects  of  the 
sun,  the  voltaic  battery,  and  the  oxy-hydrogen  blow-pipe,  melted  alumina 
and  magnesia,  and  softened  carbon  so  as  to  be  flexible,  which  is  a  condition 
near  that  of  fusion. 

It  has  been  found  experimentally  that  the  fusion  of  bodies  is  governed  by 
the  two  following  laws  : — 

I.  Every  substance  begins  to  fuse  at  a  certain  temperature^  wkick  is 
invariable  for  each  substance^  if  the  pressure  be  constant, 

II.  Whatever  be  the  intensity  of  the  source  of  heat^  from  the  momesd 
Jusion  begins^  the  temperature  of  the  body  ceases  to  rise^  and  remains  cofulmd 

until  the  fusion  is  complete. 


Melting  points  of  certain  substances. 


Mercury     . 

Oil  of  Turpentine 

Bromine     . 

Ice     . 

Butter 

Rubidium  . 

Phosphorus 

Spermaceti 

Potassium  . 

Margaric  acid 


-388^ 

Stearine    . 

66* 

-27 

White  wax 

65 

-12 

Wood's  fusible  metal 

68 

0 

Stearic  acid 

70 

^3Z 

Sodium     . 

90 

39 

Rose's  fusible  metal . 

94 

44 

Sulphur    . 

.     "4 

49 

Indium 

176 

55 

Tin   . 

.    228 

57 

Bismuth    . 

2d4 

321' 

Gold 

335 

Copper 

422 

Iron  . 

450 

Platinum 

954 

Iridium 

t]  Infltiena  of  Pressure  on  tfie  Melting  Point, 

Cadmium. 
Lead 

Antimony 
Sihrer 

sabstances  pass  from  the  solid  to  the  liquid  state  without  showing 

fde5nite  melting  point;  for  exainple,  glass  and  iron  become  gradually 

mn^  softer  when  heated,  and  pass  by  imperceptible  stages  from  the 

lo  ibc  liquid  condition.     This  intermediate  condition  is  spoken  of  as 

'tte  sttte  of  vitreeus  fusi0n.     Such  substances  may  be  said  to  melt  at  the 

lowest  lenipcfaturc  at  which  perceptible  softening  occurs,  and  to  be  fully 

flKkcd  wh^  the  further  elevation  of  temperature  does  not  make  them  more 

btit  no  precise  temperature  can  be  given  as  their 

deiennination  of  the  melting  point  of  a  body  is  \ 

of  eoDSjderablc  importance  in  fixing  the  identity 
^kcsnical  compounds,  and  is  moreover  a  point 
of  &c<|i]ieiit  practical  application  in  determining  the  com- 
,  111!  ill  valt>e  of  tallow  and  other  fats. 

St  b  doDC  as  follows  ; — A  portion  of  the  substance  is 
flHifecd  In  a  waich-glas5|  and  a  small  quantity  of  it  sucked 
iSto  A  one  capillary  tube,  AC,  the  end  of  which  is  then 
•oltd*  This  tube  is  then  placed  in  a  bath  of  clear  water 
i%,  394)  m  which  is  a  thennomeler,  and  the  tempera- 
ttis  of  ibe  bath  is  gradually  raised  until  the  substance 
ft  conpleleljr  melted,  which  from  its  small  mass  is  very  Fij.  994. 

CMiky  oAiatfved.    The  bath  is  then  allowed  to  cool,  and 
Ike  tobdtfyifsfc  point  noted  ;  and  the  mean  of  the  two  is  taken  as  the  true 
adliiig  point. 

331^  aiflVMiee  of  iirosftiiTo  on  tlie  u^lttn^  point, — Thomson  and 
OmbJmib  bavc  deduced  from  the  principles  of  the  mechanical  theory  of  heat 
AM^vitliia  increase  of  pressure,  the  melting  point  of  a  body  must  be  raised. 
Al  bttdte  which  expand  on  passing  from  the  solid  to  the  liquid  state  have 
!»  perfofm  external  work— namely,  to  raise  the  pressure  of  the  atmosphere 
If  l2i»  junount  of  this  cicpansion.  Under  ordinary  circumstances,  ttie 
^mmtk  of  external  work  which  solids  and  liquids  thus  perform  is  so  small 
<tal  It  nay  be  neglected*  But  if  the  external  pressure  be  increased,  the 
^•■trof  »vr-'  "^  •* '  it  can  only  be  obtained  by  an  increase  of  xns  mva  of  the 
asieadei*  ease  can  do  more  work  ;  the  temperature  of  fusion  as 

^aft^c  hciii  I'f  ju^uin  arc  both  increased.    Bunsen  examined  the  influence 
«i  fBCUVit  OD  the  melting  point  by  means  of  the  apparatus  represented  in 
95i  in  which  ac^  is  a  thick  tube  about  the  thickness  of  a  straw  in  the 
,  in  the  parts  ca  and  the  bent  part  d.   The  whole  tube  having  been  filled 
Ery,  it  was  sealed  at  <2,  and  then  a  small  quantity  was  driven  out  at 
^adtooie  of  the  substance  introduced  ;  the  end  d  was  then  sealed  and  a 
4|caei,and  the  whole  tul^e  gently  wanned  so  as  to  expel  some  mercur),  upon 
*iidh  m  wns  again  henneticaliy  sealed. 

When  iht  tube  was  placed  in  a  bath  of  warm  water  a  little  above  the 
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melting  point  ot  the  body,  the  mercury  expanded  and  a  pressure  resulted 
which  could  be  accurately  measured  from  the  diminution  in  volume  of  the 
air  in  ca^  which  was  carefully  calibrated  for  this  purpose.  By 
carefully  raising  or  lowering  the  instrument  in  the  water,  the 
pressure  could  be  increased  or  diminished  at  will.  It  only  thca 
remained  to  observe  the  temperature  at  which  the  substance 
solidified  and  the  corresponding  pressure  at  that  moment.  In 
this  way  Bunsen  found  that  spermaceti,  which  melts  at  48* 
under  a  pressure  of  i  atmosphere,  melts  at  51**  under  a  pressure 
of  156  atmospheres.  Hopkins  found  that  spermaceti  melted  at 
60°  under  a  pressure  of  519  atmospheres,  and  at  80®  under  792 
atmospheres ;  the  melting-point  of  sulphur  under  these  pres- 
sures was  respectively  135®  and  141**. 

But  in  the  case  of  those  bodies  which  contract  on  passing 
from  the  solid  to  the  liquid  state,  and  of  which  water  is  the  best 
example,  the  reverse  is  the  case.  Melting  ice  has  no  external 
work  to  perform,  since  it  has  no  external  pressure  to  raise; 
on  the  contrary,  in  melting,  it  assimilates  external  work,  which, 
transformed  into  heat,  renders  a  smaller  quantity  of  heal  neces- 
sary ;  the  external  work  acts  in  the  same  direction  as  the  internal 
heat — namely,  in  breaking  up  the  crystalline  aggregates.  Yet 
these  differences  of  temperature  must  be  but  small,  for  the 
molecular  forces  in  solids  preponderate  far  over  the  external 
pressure  ;  the  internal  work  is  far  greater  than  the  external. 
Fig.  995.  ^*''  ^'  Thomson  found  that  pressures  of  8*1  and  i6*8  atmo- 

spheres lowered  the  melting  point  of  ice  by  0*059°  and  0*126* 
respectively.  These  results  justify  the  theoretical  previsions  of  Prof.  J. 
Thomson,  according  to  which  an  increase  of  pressure  of  n  atmospheres 
lowers  the  melting  point  of  ice  by  0*0074^°  C,  so  that  a  pressure  of  13$ 
atmospheres,  or  about  2,000  pounds  to  the  square  inch,  would  lower  the 
melting  point  1°  C. 

340.  Alloys,  nazes. — Alloys  arc  generally  more  fusible  than  any  of 
the  metals  of  which  they  are  composed  ;  for  instance,  an  alloy  of  5  parts  of 
tin  and  i  of  lead  fuses  at  194°.  The  alloy  known  as  Ros^s  fusible  metals 
which  consists  of  4  parts  of  bismuth,  i  part  of  lead,  and  i  of  tin,  melts  at 
94°,  and  an  alloy  of  i  or  2  parts  of  cadmium  with  2  parts  of  tin,  4  parts  of 
lead,  and  7  or  8  parts  of  bismuth,  known  as  Wood^s  fusible  metal^  melts 
between  66°  and  71"  C.  Fusible  alloys  are  of  extended  use  in  soldcrinj;  and 
in  taking  casts.  Steel  melts  at  a  lower  temperature  than  iron,  though  it 
contains  carbon,  which  is  almost  completely  infusible. 

Mixtures  of  the  fatty  acids  melt  at  lower  temperatures  than  the  pure  acids. 
A  mixture  of  the  chlorides  of  potassium  and  of  sodium  fuses  at  a  lower  tem- 
perature than  either  of  its  constituents  ;  the  same  is  the  case  with  a  mixture 
of  the  carbonates  of  potassium  and  sodium,  especially  when  they  are  mixed 
in  the  proportion  of  their  chemical  equivalents. 

An  <ipplication  of  this  property  is  met  with  in  the  case  oi fluxes^  whiclj  are 
much  used  in  metallurgical  operations.  They  consist  of  substances  which* 
when  added  to  an  ore,  partly  by  their  chemical  action,  help  the  reduction  of 
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the    substance  to  the  metallic  state,  and,  partly,  by  presenting  a  readily 
fusible  meditnn,  promote  the  formation  of  a  regulus. 

541.  Jtaisat  %i9mSL — Since,  during  the  passage  of  a  body  from  the  solid 
to  the  liquid  state,  the  temperature  remains  constant  until  the  fusion  is  com- 
plete, whatever  be  the  intensity  of  the  source  of  heat,  it  must  be  concluded 
that,  in  changing  their  condition,  bodies  absorb  a  considerable  amount  of 
heat,  the  only  effect  of  which  is  to  maintain  them  in  the  liquid  state.  This 
heat,  which  is  not  indicated  by  the  thermometer,  is  called  ieUeni  heat  or 
latmi  keai  ofjusumy  an  expression  which,  though  not  in  strict  accordance 
with  modem  ideas,  is  convenient  from  the  fact  of  its  universal  recognition 
and  employment  (461). 

An  idea  of  what  is  meant  by  latent  heat  may  be  obtained  from  the  follow- 
ing experiment : — If  a  pound  of  water  at  80°  is  mixed  with  a  pound  of  water 
at  lero,  the  temperature  of  the  mucture  is  40^  But  if  a  pound  of  pounded  ice 
at  xero  is  mixed  with  a  pound  of  water  at  8o%  the  ice  melts  and  two  pounds 
cf  water  at  zero  are  obtained.  Consequently  the  mere  change  of  a  pound  of 
ice  to  a  pound  of  water  at  the  same  temi>erature  requires  as  much  heat  as 
win  raise  a  pound  of  water  through  80°.  This  quantity  of  heat  represents 
the  latent  heat  of  the  fusion  of  ice,  or  the  latent  heat  of  water. 

E\-ery  liquid  has  its  own  latent  heat,  and  in  the  chapter  on  Calorimetry 
we  shall  show  how  this  is  determined. 

542.  ••tatloB-— A  body  is  said  to  dissolve  when  it  becomes  liquid  in  con- 
sequence of  an  attraction  between  its  molecules  and  those  of  a  liquid.  Gum 
Ar*r>ic  sugar,  and  most  salts  dissolve  in  water.  The  weight  dissolved  gene- 
Tiiiy  increases  with  the  temperature.  When  a  liquid  has  dissolved  as  much 
ii  :t  can  at  a  particular  temperature  it  is  said  to  be  saturated, 

r)jrin;;  solution,  as  well  as  during  fusion,  a  certain  quiintityof  heat  always 
:*<'.mcs  latent,  and  hence  it  is  that  the  solution  of  a  substance  usually 
irviucts  a  diminution  of  temperature.  In  certain  cases,  however,  instead 
•  •  the  temperature  being  lowered,  it  actually  rises,  as  when  caustic  potash  is 
■:;--olved  in  water.  This  depends  upon  the  fact  that  two  simultaneous 
:-r  :  ronirar>'  phenomena  are  produced.  The  first  is  the  passage  from  the 
v\-A  to  the  liquid  condition,  which  always  lowers  the  temperature.  The 
»^^«nd  is  the  chemical  combination  of  the  body  dissolved  with  the  liquid, 
kTj'i  uhich.  as  in  the  case  of  all  chemical  combinations,  produces  an  increase 
«f  Temperature.  Consequently,  as  the  one  or  the  other  of  these  cficcts  pre- 
Q'-'tninates.  or  as  they  are  equal,  the  temperature  either  rises  or  sinks,  or 
r^T^ins  constant. 

343-  SoUditieatloB. — Solidification  or  congelation  is  the  passage  of  a 
V<iy  from  the  liquid  to  the  solid  state.  This  phenomenon  is  regulated  by 
::iC  two  following  laws  : — 

I.  Every  body^  under  the  same  pressure^  solidifies  at  a  fixed  tempercUurCy 
\'hich  is  the  same  as  that  0/ fusion, 

II.  From  the  commencement  to  the  end 0/  the  solidification^  the  tetnpera- 
i-'iTt  rf  a  liquid  remains  constant, 

Ctnain  bodies,  more  especially  some  of  the  fats,  present  an  exception  to 
-■■**  r.r*t  law,  in  so  far  that  by  repeated  fusions  they  seem  to  undergo  a 
-r;>ailar  change  which  alters  their  melting  point. 
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The  second  law  is  the  consequence  of  the  fact  that  the  latent  heat  ab- 
sorbed during  fusion  becomes  free  at  the  moment  of  solidification. 

Many  liquids,  such  as  alcohol,  ether,  and  bisulphide  of  carbon,  do  not 
solidify  even  at  the  lowest  known  temperature.  Despretz,  by  the  cold  pro- 
duced by  a  mixture  of  liquid  protoxide  of  nitrogen,  solid  carbonic  acid,  aind 
ether,  reduced  alcohol  to  such  a  consistence  that  the  vessel  containing  it 
could  be  inverted  without  losing  the  liquid. 

344.  Oi7stalliMitton. — Generally  speaking,  bodies  which  pass  slowly 
from  the  liquid  to  the  solid  state  assume  regular  geometrical  forms,  such  as 
the  cube,  prisms,  rhombohedra,  &c.  ;  these  are  called  crystals.  If  the  crys- 
tals are  formed  from  a  body  in  fusion,  such  as  sulphur  or  bismuth,  the 
crystallisation  is  said  to  take  place  by  the  dry  way.  The  crystallisation  is 
said  to  be  by  the  moist  way  when  it  takes  place  owing  to  the  slow  evapo- 
ration of  a  solution  of  a  salt,  or  when  a  solution  saturated  at  a  higher 
temperature,  is  allowed  to  cool  slowly.  Snow,  ice,  and  many  salts  present 
examples  of  crystallisation. 

345.  Setardatlon  of  tbe  point  of  oolldllloatlOB. — The  freezing  point  of 
pure  water  can  be  diminished  by  several  degrees,  if  the  water  be  previously 

freed  from  air  by  boiling  and  be  then  kept  in  a  perfectly  still 
place.     In  fact,  it  may  be  cooled  to  -15**  C,  and  even  lower,  with- 
out freezing.     But  when  it  is  slightly  agitated,  the  liquid  at  once 
solidifies.    This  may  be  conveniently  shown  by  means  of  the 
-j         apparatus  represented  in  fig.  296,  which  consists  of  a  delicate 
\         thermometer  round  the  bulb  of  which  is  a  wider  one  containing 
some  water.     Before  sealing  at  a  the  whole  outside  bulb  was 
filled  with  water,  which  was  then  boiled  out  and  sealed  so  that 
y         over  the  water  the  space  is  quite  empty. 

The  vessel  is  placed  in  snow  at  o^  and  then  in  alcohol  cooled 
to  -6°  or  -S*".  The  thermometer  sinks  a  few  degrees,  but  at 
once  rises  to  zero  when  the  water  in  the  bulb  solidifies.  The 
smaller  the  quantity  of  liquid,  the  lower  is  the  temperature  to  which 
it  can  be  cooled,  and  the  greater  the  mechanical  disturbance  it 
supports  without  freezing.  Foumet  has  observed  the  frequent 
occurrence  of  mists  formed  of  particles  of  liquid  matter  suspended 
in  an  atmosphere  whose  temperature  was  10°  or  even  1 5**  belov 
zero. 

A  very  rapid  agitation   also  prevents   the  formation  of  ice. 

The   same   is   the  case  with   all  actions   which,   hindering  the 

molecules  in  their  movements,  do  not  permit  them  to  arrange 

themselves   in   the    conditions    necessary  for    the    solid    sutc. 

Despretz  was  able  to  lower  the  temperature  of  water  contained  in 

fine   capillary  tubes  to    -20°  without   their  solidif>nng.      This 

experiment   shows   how  it  is  that  plants  in   many  cases  do  not 

become  frozen  even  during  severe  cold,  as  the  sap  is  contained 

in  very  fine  capillary  vessels.     Finally,  Mousson  found  that  a 

'^         powerful   pressure   not  only   retards   the  freezing  of  water,  but 

Fig.  296.     prevents  its  complete  solidification.     In  this  case  the  pressuie 

opposes  the  tendency  of  the  water  to  expand  on  freezing,  and  thus  \-irtu- 

ally  lowers  the  point  of  solidification. 
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If  water  contains  salts,  or  other  foreign  bodies,  its  freezing  point  is 
Sea  water  frecies  at  -2-5°  to  —  3*^  C  ;  the  ice  which  forms  is  quite 
and  a  saturated  solution  remains.  In  Finland  advantage  is  taken  of 
tkts  property  to  concentrate  sea  water  for  the  purpose  of  extracting  salt 
from  it  If  water  contains  alcohol,  precisely  analogous  phenomena  are 
^ibeervod  ;  the  ice  formed  is  pure,  and  practically  all  the  alcohol  is  con- 
tttned  to  the  residue. 

l>urfocir  has  observed  some  very  curious  cases  of  liquids  cooled  out  of 
Atmci  with  solid  bodies.  His  mode  of  experimenting  was  to  place  the 
I  fiqpBid  la  aaother  of  the  same  specific  gravity  but  of  lower  melting  point,  and 
"  '  «  is  insoluble.  Drops  of  water,  for  instance,  suspended  in  a 
of  chloroform  and  oil,  usually  solidified  between  —4°  and  -12", 
HtH  smaller  globules  cooled  down  to  -  18°  or  -20*^.  Contact  with  a 
tent  of  ice  immediately  set  up  congelation.  Globules  of  sulphur  (which 
ai  1 1 5^)  remained  liquid  at  40** ;  and  globules  of  phosphorus 
:  point  42**)  at  20*'. 
I  a  Uquid  solidities  after  being  cooled  below  its  normal  freezing  point, 
It tfoiidlficauion  takes  place  very  rapidly,  and  is  accompanied  by  a  disen- 
;  of  heat,  which  is  sufficient  to  raise  its  temperature  from  the  point 
bkii  •olidih cation  begins  up  to  its  ordinary  freezing  point.  This  is  well 
I  in  tbe  cise  of  h>posulphite  of  sodium,  which  melts  in  its  owti  water  of 
I  at  45**,  and  when  carefully  cooled  will  remain  liquid  at  the 
temperature  of  the  atmosphere.  If  it  then  be  made  to  solidify  by 
,  or  by  adding  a  small  fragment  of  the  solid  salt,  the  rise 
tf  1BB^>crature  is  distinctly  felt  by  the  hand.  In  this  case  the  heat 
«lMl  had  become  latent  m  the  process  of  liquefaction,  again 
hsnaes  foe,  and  a  portion  of  the  substance  remains  melted ;  for 
^  m  tepi  liquid  by  the  heat  of  solidiiicaiion  of  that  which  has 

)|6.  OUttAf^  of  ▼olmae  on  soUtflflcmtloii  andUgnenustlini.— 
Ittt  rale  orf^  f??rpi^nsifm  of  bodies  generally  increases  as  they  ap* 
ftmA.  tbr  points,  and   is   in    most  cases   followed  by 

>  §Mtfe  C'^  ;it  the   moment  of  liquefaction,  so  that  the 

iqdd  occnptes  a  ^^reaier  volume  than  the  solid  from  which  it  is 
faoned.  The  apparatus  represented  in  fig.  297  is  well  adapted 
far  exhabitiiig  this  phenomenon*  It  consists  of  a  glass  tube,  a^^ 
f—minJiAg  water  or  some  other  suitable  liquid,  to  which  is  care> 
lii;  fitted  a  cork  with  a  graduated  glass  tube  c.  This  forms,  in 
fcx,  a  tbtflQameter,  and  the  values  of  the  degrees  on  the  tube  c 
^nkwiwrfufKl  tfi  terms  of  the  capacity  of  the  whole  apparatus.  A 
^EMvii  mlmne  «>'  tance  is  placed  in  the  tube  rj/i  and  the 

Bi%ai0ted  :  '  ,Lus  is  then  placed  in  a  space  at  a  known 

c  l>clow  the  melting  point  of  the  body  in 
,  tizi  iicquircd  its  temperature,  and  the  position  of 

I  in  ^  ift  ootcd.     The  temperature  is  then  allowed  to  rise 
f,  aftd  the  position  noted  when  the   melting  is  complete.       Pig**??. 
J  itei  the  diflTcrencc  in  the  two  readings  and  the  volume 
I^  stteiance  taid^r  experiment,  and  making  a  correction  for  the  expan* 
■fan  if  ibt  liqoM  and  of  the  glass,  it  is  easy  to  deduce  the  increase  due  to 


304  On  Heat.  [SM- 

the  melting  alone.  Phosphorus,  for  instance,  increases  about  3*4  per  cent 
on  liquefaction ;  that  is,  100  volumes  of  solid  phosphorus  at  44°  (the  melting 
point)  become  103*4  at  the  same  temperature  when  melted.  Sulphur 
expands  about  5  per  cent,  on  liquefying,  and  stearic  acid  about  11  per 
cent. 

Water  presents  a  remarkable  exception  ;  it  expands  at  the  moment  of 
solidifying,  or  contracts  on  melting,  by  about  10  per  cent.  One  volume  of 
ice  at  0°  gives  0*9178  of  water  at  0°,  or  i  volume  of  water  at  o*  gives 
1*102  of  ice  at  the  same  temperature.  In  consequence  of  this  expansion, 
ice  floats  on  the  surface  of  water.  According  to  Dufour,  the  specific 
gravity  of  ice  is  0*9178  ;  Bunsen  found  for  ice  which  had  been  freed  from 
water  by  boiling  the  somewhat  smaller  number  0*91674. 

The  increase  of  volume  in  the  formation  of  ice  is  accompanied  by  an 
expansive  force  which  sometimes  produces  powerful  mechanical  effects,  of 
which  the  bursting  of  water-pipes  and  the  breaking  of  jugs  containing  water 
are  familiar  examples.  The  splitting  of  stones,  rocks,  and  the  swelling  up 
of  moist  ground  during  frost,  are  caused  by  the  fact  that  water  penetrates 
into  the  pores  and  there  becomes  frozen ;  in  short,  the  great  expansion  of 
water  on  freezing  is  the  most  active  and  powerful  agent  of  disintegration  oa 
the  earth's  surface. 

The  expansive  force  of  ice  was  strikingly  shown  by  some  experiments  of 
Major  Williams,  in  Canada.  Having  quite  filled  a  13-inch  iron  bomb-shdl 
with  water,  he  firmly  closed  the  touch-hole  with  an  iron  plug  weighing  three 
pounds  and  exposed  it  in  this  state  to  the  frost.  After  some  time  the  iroo 
plug  was  forced  out  with  a  loud  explosion,  and  thrown  to  a  distance  of  41 5  feet, 
and  a  cylinder  of  ice  8  inches  long  issued  from  the  opening^ fig.  298).  In 
another  case  the  shell  burst  before  the  plug  was  driven  oiit,  and  in  this  case 
a  sheet  of  ice  spread  out  all  round  the  crack.^xit  is  probable  that  under  the 
great  pressure  some  of  the  water  still  remained  liquid  up  to  the  time  at 
which  the  resistance  was  overcome ;  that  it  then  issued 
^«^^  from  the  shell  in  a  liquid  state,  but  at  a  temperature 

^^^^t^  below  0°,  and  therefore  instantly  began  to  solidify  when 

^^Mf^^r  ^^c  pressure  was  removed,  and  thus  retained  the  shape 

^^^Sf/m  o^  ^^c  orifice  whence  it  issued. 

^^m^lPM^^  Cast-iron,  bismuth,  and  antimony  expand  on  solkB- 

Fig.  298.  fyittfft  like  water,  and  can  thus  be  used  for  casting ;  bat 

gold,  silver,  and  copper  contract,  and   hence  coins  of 
these  metals  cannot  be  cast,  but  must  be  stamped  with  a  die. 

347.  VreeslBir  miztares. — The  absorption  of  heat  in  the  passage  of 
bodies  from  the  solid  to  the  liquid  state  has  been  used  to  produce  anifidal 
cold.  This  is  effected  by  mixing  together  bodies  which  have  an  affinity  for 
each  other,  and  of  which  one  at  least  is  solid,  such  as  water  and  a  salt,  ioe 
and  a  salt,  or  an  acid  and  a  salt.  Chemical  affinity  accelerates  the  fusion: 
the  portion  which  melts,  robs  the  rest  of  the  mixture  of  a  large  quantity  of 
sensible  heat,  which  thus  becomes  latent.  In  many  cases  a  ver>'  consider* 
able  diminution  of  temperature  is  produced. 

The  following  table  gives  the  names  of  the  substances  mixed,  their  pre* 
portions,  and  the  corresponding  diminutions  of  temperature  : — 
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Pans 

by  weight 

Reduction  of 
temperature 

8  1 
5 

+  XO^tO  -17** 

:   :    :    ;( 

+  10"  to -18^ 

.        .        .        3l 

2  1 

.        .        .        6) 

:   :   :   :» 

+  10°  to  -19** 
+  10°  to  -  26° 

.        .         .         9l 
.         .         .         4i 

+  10°  to  -29° 

Substances 

Sulphate  of  sodium 
Hydrochloric  acid  . 
Pounded  ice  or  snow 
Common  salt . 
Sulphate  of  sodium 
Dilute  nitric  acid    . 
Sulphate  of  sodium 
Nitrate  of  ammonium 
Dilute  nitric  acid   . 
Phosphate  of  sodium 
Dilute  nitric  acid    . 

If  the  substances  taken  be  themselves  previously  cooled  down,  a  still 

;  considerable  diminution  of  temperature  is  occasioned. 

Freezing  mixtures  are  frequently  used  in  chemistry,  in  physics,  and  in 

domestic  economy.     One  form  of  the  portable  ice-making  machines  which 

lave   come   into  use  during  the  last  few  years  consists  of  a  cylindrical 

SMlallic  vessel  di\nded  into  four  concentric  compartments.     In  the  central 

075?   IS  placed   the   water  to   be  frozen  ;    in  the  next  there  is  the  freezing 

mixture,  \%hich  usually  consists  of  sulphate  of  sodium  and  hydrochloric  acid  ; 

<-  pounds  of  the  former  and  5  of  the  latter  will  make  5  to  6  pounds  of  ice  in 

ir.  hour.     The  third  compartment  also  contains  water,  and  the  outside  one 

contains  some  badly-conducting  substance,  such  as  cotton,  to  cut   off  the 

irPiUf^nce  of  the  external  temperature.     The  best  effect   is  obtained  when 

tT'^try  larpe  quantities  (2  or  3  pounds)  of  the  mixture  are  used,  and  when 

•hfv  irc  intimately  mixed.     It  is  also  advantageous  to  use  the  machines  for 

1  s^-ries  of  successive  operations. 

U-.    autlifie's   researobes. — It   appears   from    recent   experiments  of 

'jiThric,  that  what  are  called  freezing  mixtures  may  be  divided  into   two 

^*-'^-.  namely  those  in  which  one  of  the  constituents  is  liquid  and  those  in 

■ihif.h   rxilh   are    solid.     The    temperature   indicated   by  the   thermometer 

'.:x''.*'A  in  a  freezing  mixture  is,  of  course,  due  to  the  loss  of  heat  by  the 

•-"rmr. meter  to  the  liquefying  freezing  mixture,  and  is  measured  by  the  rate 

•'  ^uih   loss.     The   quantity  of  heat  absorbed  by  the  free7ing  mixture  is 

'V.  .i.Jy  the  heat  required  to  melt  the  constituents,  together  with  ( +: )  the 

'"'^i:  fi\  combination  of  the  constituents.     When  one  constituent  is  liquid, 

f  "»h<-n  hydrcKhloric  acid  is  added  to  ice,  then  a  lower  temperature  is  got 

•:   pre-. iously   cooling  the  hydrochloric  acid.      There    is  no   advantage  in 

■^•"miT  the  ice.     But  when  both  constituents  are  solid,  as  in  the  case  of  the 

■■*  -A.:  freezing  mixture,  there  is  no  advantage  to  be  gained  by  cooling  one 

'"  V^ii  ronstituents.     Within  very  wide  limits  it  is  also  in  the  latter  case  a 

^iarer  of  indifference  as  to  the  ratio  between  the  constituents.     Nor  does  it 

^^Jcxn  whether  the  ice  be  finely  powdered  as  snow  or  in  pieces  as  large  as 

Tv.t  different  powers  of  various  salts  when  used  in  conjunction  with  ice 
*^  fr»^eiin;;  mixtures,  appear  to  have  remained  unexplained  until  Guthrie 
'-K  .Atri  that,  with  each  salt,  there  is  always  a  minimum  temperature  below 
^•-ich  ;t  is  impossible  for  an  aqueous  solution  of  any  strength  of  thai  sa\l  lo 
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exist  in  the  liquid  form  ;  that  there  is  a  certain  strength  of  solution  for  each 
salt  which  resists  solidification  the  longest,  that  is,  to  the  lowest  temperature. 
Weaker  solutions  give  up  ice  on  being  cooled,  stronger  solutions  give  up  the 
salt  either  in  the  anhydrous  state  or  in  combination  with  water.  That 
particular  strength  of  a  particular  salt,  which  resists  solidification  to  the 
lowest  temperature,  is  called  by  Guthrie  a  cryohydraie.  It  is  of  such  a 
strength  that  when  cooled  below  o°  C.  it  solidifies  as  a  whole ;  that  is,  the 
ice  and  the  salt  solidify  together  and  form  crystals  of  constant  composition 
and  constant  melting  and  the  same  solidifying  temperatures.  The  liquid 
portion  of  a  freezing  mixture,  as  long  as  the  temperature  is  at  its  lowest,  is, 
indeed,  a  melted  cryohydrate.  The  slightest  depression  of  temperature  below 
this  causes  solidification  of  the  cryohydrate,  and  hence  the  temperature  can 
never  sink  below  the  solidifying  temperature  of  the  cryohydrate. 

Guthrie  has  also  shown  that  colloid  bodies,  such  as  gum  and  gelatine, 
neither  raise  the  boiling  point  of  water  nor  depress  the  solidifying  point,  nor 
can  they  act  as  elements  in  freezing  mixtures. 

VAPOURS.      MELASUREMENT  OF  THEIR  TENSION. 

349.  Vftpoars. — We  have  already  seen  (146)  that  vapours  are  the  aerifom 
fluids  into  which  volatile  substances,  buch  as  ether,  alcohol,  water,  and 
mercury,  are  changed  by  the  absorption; of  heat.  Volatile  liquids  are  those 
which  thus  possess  the  property  of  passing  into  the  aeriform  state,  ^sAJixti 
liquids  are  those  which  do  not  form  vapours  at  any  temperature  without  under- 
going chemical  decomposition,  such  as  the  fatty  oils.  There  are  many  solidi, 
such  as  ice,  arsenic,  camphor,  and  in  general  all  odoriferous  solid  sub- 
stances, which  can  directly  form  vapours  without  first  becoming  liquid. 

Vapours  are  transparent  like  gases,  and  generally  colourless  ;  there  aie 
only  a  few  coloured  liquids  which  also  give  coloured  vapours. 

350.  Vaporlsatloii. — The  passage  of  a  liquid  into  the  gaseous  state  b- 
designated  by  the  general  term  vaporisation  \  the  term  evaporation  espe- 
cially refers  to  the  slow  production  of  vapour  at  the  free  surface  of  a  liqdd^ 
and  boiling  to  its  rapid  production  in  the  mass  of  the  liquid  itself.  We  shaf 
presently  see  (356)  that  at  the  ordinary  atmospheric  pressure,  ebullition,  Kke 
fusion,  takes  place  at  a  definite  temperature.  This  is  not  the  case  r^ 
evaporation,  which  takes  place  even  with  the  same  liquid  at  ver>'  different  t 
peratures,  although  the  formation  of  a  vapour  seems  to  cease  below  a  cefi 
point.  Mercury,  for  example,  gives  no  vapour  below  - 10%  nor  sulpboric 
acid  below  30°. 

3c I.  Xlastlo  force  of  Tapour. — Like  gases,  vapours  have  a  certiB 
elastic  force,  in  virtue  of  which  they  exert  pressures  on  the  sides  of  vessds  ■ 
which  they  are  contained.  The  elastic  force  of  vapour  may  be  demonstrtted 
bv  the  following  experiment : — A  quantity  of  mercury  is  placed  in  a  bttt 
riass  tube  (fig.  299),  the  shorter  leg  of  which  is  closed  ;  a  few  drops  of  etfcjr 
are  then  passed  into  the  closed  leg  and  the  tube  immersed  in  a  water  batktf 
a  temperature  of  about  45°.  The  mercury  then  sinks  slowly  in  the  short 
branch*  and  the  space  ab  is  filled  with  a  gas  which  has  all  the  appearance «f 
air  and  whose  elastic  force  counterbalances  the  pressure  of  the  column  rf 
jneiruiy  cdj  and  the  atmospheric  pressure  on  </.    This  gas  is  the  vapour  cf 
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I  ccber.     If  tlie  v»*atcr  be  cooled,  or  if  the  tube  be  removed  from  the  bath,  the 

i|i£iiir  «v3iicb  fills  the  space  ci^  disappeiirs^  and  the  drop  of  eiher  is  reproduced. 

VLt    on    the    conirnry, 

tlie  bath  be  hcaitetl  suLI 

fbcT,  ibe  level  of  the 

^nerciny  ilescends  lie* 
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I  of  ihc  v;ipQur. 
)f2,  yarniiUfq  of 

—In  tJic  previous  ex- 
periieitt  the  liquid 
ch—gwi  very  sluivly^ 
M»  tbe  v34iorous  con- 
^liaii ;  tbe  same  is 
Ike  case  when  a  liquid 
k  £recif  exposed  to 
die  air.  In  both  cases 
te  atnioipbere  is  an 
<>ijch  to  ibc  vapon- 
M&oou  Id  a  vacuum 
tept  is  no  resHtarice, 
ai  lltt  fbrmatioo  of 
HfOTO  b  instanta- 
9SH^  9m  b  lecn  in 
te  kXlammig  cscperi* 
WM :  — Four     bam.  rig.  999.  Fig*  300. 

'  cobcsi  6lled  with 

Bf,  ve  immersed  in  the  same  trough,  ^%,  30a     One  of  them,  A, 

•  a»  «  bftramcler,  and  a  few  drops  of  water,  alcohol ^  and  ether  are  re- 

h^^  tntroduced  into  the  tubes  B^  C,  D.    When  the  liquids  reach  the 

«  depression  of  the  mercury  is  at  once  produced.    And   as  this 

csiinot  be  produced  by  the  weight   of  the  liquid,  which  is  an 

small  fraction  of  the  weight  of  the  displaced  mercur>%  it  must  be 

t  ID  the  formation  of  some  vapour  whose  elastic  force  has  depressed  the 

i«n  of  mcrcuiy* 

Tlie  cirpcfiment  also  shows  that  the  depression  is  not  the  same  in  all  the 

bpi ;  it  if  gretUer  in  the  case  of  alcohol  than  of  water^  and  greater  with 

kcr  ital  witb  alcnhoL     We  consequently  obtain  the  two  following  laws  of 

B  fermaiMci  of  vapours  : — 

L  /«  di  vmeuum  all  vclatik  liquids  are  instantaneously  converted  into 

IL  JU  ikt  same  iempercdure  the  vapours  of  different  liquids  have 
ftm^i  eUstUfort€s, 

For  daanpkr  at  20°  the  tension  of  ether  vapour  is  25  times  as  great  as 

tcf  aqpeoos  vapr>ur. 

Jf  ^  Softwrn^otf  vapowr.  Maactimiin  of  tenalon. — When  a  very  small 
wiam^  of  a  %t>latile  licjuid,  such  as  ether,  is  Introduced  into  a  barotnetet 
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tube,  It  is  at  once  completely  vaporised,  and  the  mercurial  column  is  noc 
depressed  to  its  full  extent ;  for  if  some  more  ether  be  introduced  the 
depression  increases.  By  continuing  the  addition  of  ether,  it  finally  ceases 
to  vaporise,  and  remains  in  the  liquid  state.  There  is,  therefore,  for  a  cer- 
tain temperature,  a  limit  to  the  quantity  of  vapour 
which  can  be  formed  in  a  given  space.  This  space 
is  accordingly  said  to  be  saturated.  Further,  when 
the  vaporisation  of  the  ether  ceases,  the  depressioo 
of  the  mercurial  column  stops.  And  hence  there 
is  a  limit  to  the  tension  of  the  vapour,  a  limit 
which,  as  we  shall  presently  see  (354),  varies  with 
the  temperature. 

To  show  that,  in  a  closed  space,  saturated  with 
vapour  and  containing  liquid  in  excess^  the  tempera- 
ture remaining  constant,  there  is  a  maximum  ^f 
tension  which  the  vapour  cannot  exceed,  a  baro- 
metric tube  is  used  which  dips  in  a  deep  bath 
(fig.  301).     This  tube  is  filled  with  mercury,  and 
then  so  much  ether  is  added  as  to  be  in  excess 
after  the  Torricellian  vacuum  is  saturated.    The 
height  of  the  mercurial  column  is  next  noted  \r§ 
means  of  the  scale  graduated  on  the  tube  itsei£ 
Now,  whether  the  tube  be  depressed,  which  tends  ■ 
to  compress  the  vapour,  or  whether  it  be  raised, 
which  tends  to  expand  it,  the  height  of  the  mercurial 
column  is  constant.     The  tension  of  the  vapour 
remains  constant  in  the  two  cases,  for  the  depres-   ■ 
sion  neither  increases  nor  diminishes  it.     Hence  it 
is  concluded  that  when  the  saturated  vapour  b 
compressed,  a  portion  returns  to  the  liquid  state ; 
that   when,   on   the  other  hand,  the   pressure  is 
diminished,  a  portion  of  the  excess  of  liquid  \'apof^ 
ises,  and  the  space  occupied  by  the  vapour  is  agaa 
saturated  ;  but  in  both  cases  the  tension  and  tie 
density  of  the  vapour  remain  constant. 
354.  Uinsatiurated  Tapoors. — From  what  has  been  said,  vapours  pit> 
sent  two  very  diflferent  states,  according  as  they  are  saturated  or  not    la    ~  ■ 
the  first  case,  where  they  are  saturated  and  in  contact  with  the  liquid,  itaf 
differ  completely  from  gases,  since  for  a  given  temperature  they  can  neithsr 
be  compressed  nor  expanded  ;  their  elastic  force  and  their  density  remais     — 
constant. 

In  the  second  case,  on  the  conlrar>',  where  they  are  not  saturated,  thqf 
exactly  resemble  gases.    For  if  the  experiments  (fig.  301)  l)e  repeated,  oolyi 
small  quantity  of  ether  being  introduced,  so  that  the  vapour  is  not  saturate^  — ^ 
and  if  the  tube  be  then  slightly  raised,  the  level  of  the  mercur>'  is  seen  to  rii^ 
which  shows  that  the  elastic  force  of  the  vapour  has  diminished.     Similaiij^  —^ 
by  immersing  the  tube  still  more,  the  level  of  the  mercur>*  sinks.   The  vapov 
consequently  behaves  just  as  a  gas  would  do,  its  tension  diminishes  when  tfcl  pss^ 
voJume  increases,  and  ince  versA ;   and  as  in  both  cases  the  volume  oC  thi 
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1^^^^  TtfiswM  of  Aqueous  Vapcur  beiozL*  Zero. 

PPHnVinviersely  as  the  pressure,  it  is  concluded  that  unsaiuraUd  vafkmrs 
f  Mtyids  law, 

Wlkcfi  am  tifisjuurated  vjipour  is  beated,  its  volume  increases  like  that  of 
»s;  and  the  number 0*00366,  which  is  the  coefficient  of  the  expansion  of 
may  be  taken  for  that  of  vapours. 

Hence  we  see  thai  the  physical  properties  of  unsaturated  vapours  are 

BipBiable  trith  those  of  gases,  and  that  the  formulae  for  the  compressibility 

I  espaiistbiltty  of  gases  (1S2  and  333]  also  apj}ly  to  unsaturated  vapours. 

315*  IPaBifon  ^  a^oeotta  vapour  b«low  a«ro. —  In  order  to  measure 

elasttc  furcc  t^f  aqueous  vapour  below  zero,  Gay-Lussac  used  two  baro* 

ler  inhes  61Jed  ^tth  mercury^  and  placed  in 

[  mne  b^th  '^^.   302),     The  straight  tube,  A,  'I      />A 

a^  *t?r  ;  the  other,  C,  is  bent,  so 

nccllian  vacuum  can  be  sur- 

iiixturc  B  1347).     When 

i  into  the  bent  tube,  the 

Iff  the  mercury  sinks   below  that  in  the 

At  til  an  rstcni  which  varies  with  the  tem* 

srrafthe  freeitng  mixture. 

<f  tJic  depression  is ,  4  54  mUHmetrcs 
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TWse  drpfcjistoQS,  which  must  be  due  to 
atnttioo  of  at)ucuu«  v.^p^>ur  in  the  space  BC, 
'  that  even  at  very  low  temperatures  there 
aqucouB  vapour  in  the   atmo- 
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AlftcM^  to  the  abo^  c  experiment  the  part  B 

^6e  put  C  are  not  both  immersed  in  the 

mbatsre,  ire  shall   presently  see    thai 

nimicaling^*cs5eU  are  At  different  '"  * 

the  tension  of  the  vapour  is  the  *^**'  ^^* 

both,  aod  always  corresponds  to  tliat  of  the  lowest  temperature. 

evaprtrtiff?^  t-vcn  liclow  ?cro  follows  from  the  fact  that  wet  linen 

^  ^^  '  '       '  becomes  rirst  stiff  and  then  dry,  show^ing  that  the 

^  *»■'  ^ven  after  the  latter  has  been  con  verted  into  jce. 

r-  Itmmtimm  •#  Mni^oiia   vaiioar  l^etween  sero  and  oae    liiaiidred 

L  Dmiiim'B  nuffuHi.     Uahon  measured  the  chxstic  force  of  aqueous 

between  o®  and  100"  by  means  of  ihe  apparatus  represented  in  fig. 

Two  harocnet^  tubes,  A  and  B,  are  filled  with  mertury,  and  inverted 

lix»  bath  full  ^A  mercur)*,  and  placed  on  a  furnace.     The  tube  A  con* 

unaU  qutanuty  ol  water,     llie  tubes  are  supported  in  a  cylindrical 

■I flCneaier/lbe  temperature  of  which  is  indicated  by  the  theTmomtlti^ 
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The  bath  bein^  gradually  heated,  the  water  in  the  cylinder  becomes  Iieal 
too ;  the  water  which  is  in  the  tube  A  vaporises,  and  in  proportion  as  I 
tension  of  its  vapour  increases,  the  mercury  sinks.    The  depressions  of  I 
mercury  corresponding  to  each  degree  of  the  thermometer  are  indicated 
the  scale  E,  and  in  this  manner  a  table  of  the  elastic  forces  between  i 
lOo*  has  been  constructed. 

ii.  RegnatiU's  me^Aod—DaXion^s  method  is  wanting  in  precision,  1 
liquid  in  the  cylinder  has  not  everywhere  the  same  temperature,  and  c4 
sequently   the  exact  temperature   of  the  aqueous  vapour    is   not   sho« 


rK 
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Regnaull*s  apparatus  is  a  modification  of  that  of  Daltnti.  The  r>lia 
vessel  is  replaced  by  a  large  c>'lindrical  zinc  drum,  MN  (fig*  3^  v  ' 
bottom  of  which  are  two  tubulures.  The  tubes  A  and  B  pas*  ihr 
tubulures,  and  are  fixed  by  caoutchouc  collars*  The  tubecontainiiigi 
B»  is  ctjnnected  with  a  flasks  a^  by  means  of  a  brass  three-way  tube,  i 
third  limb  of  this  tube  is  connected  with  a  drying  tube,  P, 
pumice  charged  with  sulphuric  acid,  which  is  connected  with  the  air*^ 
When  the  flask  a  contains  some  water,  a  small  portion  is  dtslilled  I 
bygtnily  heating  the  Jiask.    Exhausting,  then,  by  meai^  of  ll^  ak^ 


Tension  of  Aqueous  Vapour  above  lOO  defies, 

|€bc  water  disdls  ccindiiuously  from  the  Bask  and  from  the  barometric  tube 

IJ,  which   condenses  the  vapour.     After  having  vaporised  some 

'  of  waier^  and  when  il  is  thought  that  the  air  in  the  tube  is  withdrawn, 

t  olpiPaiy  tube  which  connects  B  with  the  three-way  tube  is  sealed.     The 

be  B  being  thus  closed^  it  is  experimented  with  as  in  Dalton's  method. 

Tbe  drum,  M  N,  being  filled  with  water,  is  gently  heated  by  a  spirit  lamp, 

[tiUch  b  separated  from  the  tubes  by  a  wooden  screen.     By  means  of  a 

MUTcr,  Isflill  parts  of  the  liquid  are  kept  at  the  same  temperature.     In  the 

iidt  iif  tbe  drum  is  a  glass  window,  through  which  the  height  of  the  mercury 

m  Ibe  tabes  can  be  read  off  by  means  of  a  cathetometer ;  from  the  difference 

cse  heights,  reduced  to  zero,  the  tension  of  vapour  is  deduced.     By 

M  of  this  apparatus,  the  elastic  force  ot  vapour  between  o''  and  50*^  has 

\  toermined  with  accuracy. 


,^tii<-*. 


Fig.  105. 

f  H7«  ItattfliMi  •!  A^ueoiM  frmponr  fttiove  one  li«iiidr«d  derr«e». — Two 
*SWi  ttare  been  employed  for  determining  the  tension  of  aqueous  vapour 
^tepeatttro  above  100*^ ;  tlie  one  by  Dulong  and  Arago,  in  1830,  and  the 
^B^  AeSKitiit,  tn  1844. 

Fi^joi  f-"-  n**i  a  vertical  section  of  the  apparatus  used  by  Dulong 
^  An^  'cd  of  a  copper  boiler,  k^  with  very  thick  sides,  and  of 

*^  aogaliur.:.  '-.i|>jcity.  Two  gun*barrcls,  a^  of  which  only  one  is  seen  in 
,  were  firmly  fixed  in  the  sides  of  the  boiler,  and  plunged  in  the 
Tile  gtm-barrels  were  closed  below,  and  contained  mcrcurj*,  in  which 
•Bf  (diaed  thommiketerv,  /,  indicating  the  temperature  of  the  water  and  of 
(bvapoor.    Thr  >r  the  vapour  was  measured  by  means  of  a  rnano- 

^J^r^lh  eompt  ,  w,  pre%iously  graduated  (184)  and  fitted  into  an 

•*  vesMl,  d^A*  ^-rcury.    In  order  to  see  the  height  of  the  mercury 

* (fefOMlt  it  w.i  ted  above  and  below  with  a  glass  tube,  ir,  in  which 

^  land  v»§  ahravi  ibe  ^ame  as  in  the  bath.    A  copper  tube,  1,  connected 
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ihe  upper  part  of  the  vessel,  d^  with  a  vertical  tube,  r,  fitted  in  the  boQcr* 
The  lube  i  and  the  upper  part  of  the  bath  d  were  filled  with  water,  wlttcfe 
was  kept  cool  by  means  of  a  current  of  cold  water  flowing  from  a  reservoir^ 
and  circulating  through  the  tube  b. 

The  vapour  whicli  was  disengaged  from  the  tube  c  exerted  a  presstnte 
on  the  water  of  the  tube  i ;  this  pressure  was  transmitted  to  the  water  and 
to  the  mercury  in  the  bath  d^  and  the  mercury  rose  in  the  manometer.  By 
noting  on  the  manometer  the  pressures  corresponding  to  each  degree  of  the 
thermometer,  Dulong  and  Arago  were  able  to  make  a  direct  meastirement 
of  the  tension  up  to  24  atmospheres,  and  the  tension  from  thence  to  50 
atmospheres  was  determined  by  calculation. 

358.  Tension  of  Tapour  beloir  And  ftboTo  one  htuidred  deyroea^ 
Regnault   devised  a  method    hy   which   the    tension   of   vapi^ur   m.iy   be 


measured  at  temperatures  either  below  or  above  too*,  li  depends  on  I 
principle  that  when  a  liquid  boils,  the  tension  of  the  vapoar  is  equal  to  1 
pressure  it  supports  (363).  If,  therefore,  the  temperature  and  the 
spending  pressure  arc  known,  the  question  is  soUied,  and  the  method  1 
consists  in  causing  water  to  boil  in  a  vessel  under  a  given  pressure,  i 
measuring  the  corresponding  temperature. 

The  apparatus  consists  of  a  copper  retort,  C  {^'g,  306X  bcrmeticillv  s 
and  about  two-thirds  full  of  water.    In  tiie  cover  there  arc  four  thcr 
two  of  which  just  dip  into  the  water,  and  two  descend  almost  to  the  1 
By  means  of  a  tube,  AB»  the  retort  C  is  connected  with  a  glass  globe,  M^ 
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S  gallons'*  capacity,  and  full  of  air.  The  tube  AB  passes  through  a 
cylinder,  D,  through  which  a  current  of  cold  water  is  constantly 
\  from  the  reser\'oir  E.  To  the  upper  part  of  the  globe  a  tube  with 
uaches  is  attached,  one  of  which  is  connected  with  a  manometer,  O  ; 
ler  tube,  HH',  which  is  of  lead,  can  be  attached  either  to  an  exhaust- 
a  condensing  air-pump,  according  as  the  air  in  the  globe  is  to  be  rare-- 

condensed.  The  reservoir  K,  in  which  is  the  globe,  contains  water  at 
ciperature  of  the  surrounding  air. 

he  elastic  force  of  aqueous  vapour  below  100°  is  to  be  measured,  the 
'  of  the  lead  pipe  is  connected  with  the  plate  of  the  air-pump,  and 

in  the  globe  M,  and  consequently  that  in  the  retort  C,  is  rarefied. 
rtort  being  gently  heated,  the  water  begins  to  boil  at  a  temperature 
100%  in  consequence  of  the  diminished  pressure.  And  since  the  vapour 
densed  in  the  tube  AB,  which  is  always  cool,  the  pressure  originally 
ted  by  the  manometer  does  not  increase,  and  therefore  the  tension  of 
pour  during  ebullition  remains  equal  to  the  pressure  on  the  liquid, 
little  air  is  then  allowed  to  enter ;  this  alters  the  pressure,  and  the 

boils  at  a  new  temperature  ;  both  these  are  read  ofif,  and  the  experi- 
repeated  as  often  as  desired  up  to  100°. 

order  10  measure  the  tension  above  100°,  the  tube  H'  is  connected 
I  condensing  pump,  by  means  of  which  the  air  in  the  globe  M  and  that 

vessel  C  are  exposed  to  successive  pressures,  higher  than  the  atmo- 
c.  The  ebullition  is  retarded  (367),  and  it  is  only  necessary  to  observe 
itterence  in  the  height  of  the  mercury'  in  the  two  tubes  of  the  mano- 
r  <  >,  and  the  corresponding  temperature,  in  order  to  obtain  the  tension 
h'.ven  temperature. 
he  following  tables  by  Regnault  give  the  tension  of  aqueous  vapour 

-10"  to  104°  : — 

Tensions  of  aqueous  vapour  from  —  10°  to  104°  C. 


Jt- 

lM»i«ms  in 

Tempe- 

Tensions in 

Tempe- 

Tensions in 

Temf>e- 

Tensions  in 

Ti 

KiUimetre» 

ratures 

i 

millimetres 

ratures 

millimetrcii 

ratures 

millimetres 

2078 

I- 

IO-457 

29° 

29-782 

,       90° 

525-45     , 

2456 

13 

11062 

30 

31-543 

91 

54578 

fj 

r89o 

»4 

11-906 

3' 

33405 

,       92 

56676 

* 

3-387 

'5 

12699 

32 

35-359 

•     93 

58841 

z 

3V55 

'     16 

13635 

33 

37-410 

94 

610-74 

0 

4-600 

17 

14-421 

34 

39565 

95 

633-78 

1 

4'>40 

18 

15*357 

35 

41-827 

96 

657-54 

• 

;'302 

19 

16-346 

40 

54-906 

97 

68203     . 

3 

;-687 

20 

17-391 

45 

71-39' 

98 

70726 

4 

''•097 

21 

18-495 

50 

91-982 

98-5 

72015 

5 

^■534 

.     22 

19-659 

55 

117-479 

99-0 

733-91 

'•998 

23 

20-888 

60 

148791 

99-5 

746-50 

t 

7492 

24 

22-184 

65 

1 86 '94  5 

1000 

76000 

8017 

25 

23-550 

70 

2330^)3 

100-5 

773-71 

*i 

^•574 

26 

24-998 

75 

288-517 

loro 

78763 

10 

91O5 

27 

26505 

80 

354643 

102-0 

816-17 

II 

9792 

28 

28-101 

85 

43341 

104-0 

875-69 
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Tensions  in  cUmospheres  from  100 

» to  230-9 

0 

Number' 

Number] 

Number 

Nnmbcf 

Temperatures' of  iitmo- 

Temperatures 

of  atmo> 

Temperatures 

of atrao-    Temperatures 

ofatmo. 

spheres 

spheres  1 

spheres  ' 

spli«f» 

lOOQ** 

I 

1708° 

8 

198-8^ 

15      1' 

217-9" 

22 

112*2 

I*     1 

175-8 

9 

201-9 

16      „ 

220-3 

23 

I20-6 

2 

1803 

10 

2049 

'7 

222-5 

24 

133*9 

3 

184-5 

II 

2077 

18 
20 

224-7 

25 

I44-0 

4 

1 88*4 

12 

210-4 

226-8 

26 

152-2 

5 

192-1 

13 

213-0 

228-9 

27 

156-2 

6 

195-5 

14 

215-5 

21     ;| 

2309 

28 

165-3 

7      . 

1 

In  the  second  table  the  numbers  were  obtained  by  direct  obsen-atioo 
up  to  24  atmospheres  ;  the  others  were  calculated  by  the  aid  of  a  formula  of 
interpolation. 

This  table  and  the  one  next  following  show  that  the  elastic  force  increases 
much  more  rapidly  than  the  temperature.  It  has  been  attempted  to  express 
the  relation  between  them  by  formulas,  but  none  of  the  formulae  seems  to  have 
the  simplicity  which  characterises  a  true  law. 

359.  TaasioB  of  tlia  Tapom  of  different  llq«lds« — Regnault  deter- 
mined  the  elastic  force,  at  various  temperatures,  of  a  certain  number  of 
liquids  which  are  given  in  the  following  table  : — 


Liquids 


Tempera- 
tures 


Mercury 


Alcohol 


Bisulphide 
of  carbon 


1   50° 

(1     100 
o 

50 
100 

~20 

O 

60 

100 


Tensions  in 
millimetres 


0-02 

o-ii 

0-74 

13 

220 

1695 

43 

132 

1 164 

3329 


Liquids 


■    Tempera- 
I        tures 


Ether 


Sulphurous 
acid 


Ammonia 


li 


-20° 

o 

60 

160 

-20 

o 

60 
-30 

o 

30 


Tenuoos  ia 
millimetres 


68 
183 

1728 
4950 

479 
1 165 
8124 

876 
3163 
8832 


360.  Teaelon  of  tlie  ▼apo«rs  of  mixed  liqvlde. — Regnault's  experiroeois 
on  the  tension  of  the  vapour  of  mixed  liquids  prove  that  (i.)  when  two  liquid 
exert  no  solvent  action  on  each  other — such  as  water  and  bisulphide  ofctak^ 
or  water  and  benzole — the  tension  of  the  vapour  which  rises  from  them  • 
nearly  equal  to  the  sum  of  the  tensions  of  the  two  separate  liquids  at  tbi 
same  temperature  ;  (ii.)  with  water  and  ether^  which  partially  dissoh*c  escfc 
other,  the  tension  of  the  mixture  is  much  less  than  the  sum  of  the  tensiowj' 
the  separate  liquids,  being  scarcely  equal  to  that  of  the  ether  alone ;  (iM 
when  two  liquids  dissolve  in  all  proportions,  as  ether  and  bisulphide  of  caibfl% 
or  water  and  alcohol,  the  tension  of  the  vapour  of  the  mixed  liquids  is  in•(^ 
mediate  between  the  tensions  of  the  separate  liquids. 
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WiiUficr  has  shown  that  the  tension  of  aqueous  vapour  emitted  from  a 

JstlOa»  as  compared  with  that  uf  pure  water,  is  diminished  by  an 

it  proportional  10  the  quantity  of  anhydrous  salt  dissolved,  when  the 

«ak  oysfiilfises  irithout  water  or  yields  efflorescent  crystals  :  when  the  salt  is 

deik|tieiiCeiilf  or  has  a  powerful  attraction  for  water,  the  reduction  of  tension 

\kk  pit>portiimal  to  the  quantity  of  cr>  stallised  salt. 

5I&I.  VMBtttvo  Is  two  eommnptctttiiic  -vessels  At  dlffereiitteinperatitres, 
[  Wbta  two  vessels  containing  the  same  liquid,  but  at  different  temperatures, 

rooofieaed  with  each  other,  the  elastic  force  is  not  that  corresponding  to 

\  mSMtBk  of  the  two  temperatures,  as  would  naturally  be  supposed.  Thus, 
I  M  ihmt  ire  two  globes  (tig.  307},  one.  A,  containing  water  kept  at  zero  by 


^'^  ^  -«? 


/  ' 


I  el  ladting  ice,  the  other,  B,  containing  water  at  loo^  the  tension,  as 
» the  globes  are  not  connected,  is  4  to  6  millimetres  in  the  first,  and 
la  the  second.  But  when  they  are  connected  by  opening  the 
Cf  the  mpotif  in  the  globe  B,  from  its  greater  tension,  passes  into 
ftt  oiber  %kJbc^  and  is  there  condensed,  so  that  the  vapour  in  B  can  never 
^^^  %  higher  pressure  than  tluit  in  the  globe  A.  The  liquid  simply 
^Bt2»  frotn  B  tirwards  A  without  any  increase  of  tension. 

Ffom  thb  experiment  the  general  principle  may  be  deduced  that  when 
^vouU  ctmiaining  iht  samt  liquid^  hut  a(  different  temperatures^  are  con- 
^tsitit  Ute  pressure  is  identical  in  both  vessels^  and  is  the  same  as  that  corre- 
^%iLmi^  im  ike  iowtr  temperature.  An  application  of  this  principle  has  been 
•ife  by  Walt  in  the  condenser  of  the  steam-engine, 

]fo*  Sf  iwmitfii*    Causes  wblob  aoeelerate  tt.^ — E^taptiraiicm^  as  has 

lalraidy  stated  (549\  is  the  slow  production  of  vapour  at  the  surface  of 

{■iC     It  it  tn  consequence  of  this  evaporation  that  wet  clothes  dry  when 

I  to  the  air,  aad  thai  open' vessels  containing  water  become  empty. 

pmn  whichp  rtstng  in  the  atmosphere,  condense,  and  becoming  clouds, 

I  m  mt^  sre  due  10  the  e^  aporation  from  the  seas,  lakes,  rivers,  and  the 

^ms  ouiaes  ia^nenoe  the  rapidity  of  the  evaporation  of  a  liquid  :  i.  the 
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temperature  ;  ii.  the  quantity  of  the  same  vapour  in  the  surrounding  atmo- 
sphere ;  iii.  the  renewal  of  this  atmosphere  ;  iv.  the  extent  of  the  surface  of 
evaporation. 

Increase  of  temperature  accelerates  the  evaporation  by  increasing  the 
elastic  force  of  the  vapours. 

In  order  to  understand  the  influence  of  the  second  cause,  it  is  to  be  ob- 
served that  no  evaporation  could  take  place  in  a  space  already  saturated 
with  vapour  of  the  same  liquid,  and  that  it  would  reach  its  maximum  in 
air  completely  freed  from  this  vapour.  It  therefore  follows  that  between 
these  two  extremes,  the  rapidity  of  evaporation  varies  according  as  the 
surrounding  atmosphere  is  already  more  or  less  charged  with  the  same 
vapour. 

The  effect  of  the  renewal  of  this  atmosphere  is  similarly  explained  ;  for 
if  the  air  or  gas,  which  surrounds  the  liquid,  is  not  renewed,  it  soon  becomes 
saturated,  and  evaporation  ceases.  Dalton  found  that  the  ratios  of  the 
evaporation  in  a  feeble,  medium,  and  strong  draught  were  respectively  as 
270  :  347  :  424.  He  also  observed  that  the  quantity  evaporated  in  perfectly 
dry,  almost  still  air  at  a  temperature  of  20%  was  equivalent  to  ci  of  a  gramme 
on  a  square  decimetre  of  surface  in  a  minute. 

The  influence  of  the  fourth  cause  is  self-evident 

Vegetation  exercises  a  great  influence  on  evaporation.  Schiibler  found 
that  the  evaporation  from  a  space  covered  with  meadow  grass,  in  the  most 
vigorous  st.igc  of  its  growth,  was  thrice  as  rapid  as  that  from  an  adjacent 
surface  of  water.     As  the  plants  ripened  the  evaporation  diminished. 

363.  &aws  ofabuUitloB.— i:^i///f//V>ir, 
or  boilings  is  the  rapid  production  of 
elastic  bubbles  of  vapour  in  the  mass  of 
a  liquid  itself. 

When  a  liquid,  water  for  example,  is 
heated  at  the  lower  part  of  a  vessel,  the 
first  bubbles  are  due  to  the  disengagement 
of  air  which  had  previously  been  absorbed. 
Small  bubbles  of  vapour  then  begin  ta 
rise  from  the  heated  parts  of  the  sides^ 
but  as  they  pass  through  the  upper  la\*en» 
the  temperature  of  which  is  lower,  the>* 
condense  before  reaching  the  surface.  The 
formation  and  successive  condensation  of 
these  first  bubbles  occasion  the  sinptif 
noticed  in   liquids  before  they  begin  to 
boil.    Lastly,  large  bubbles  rise  and  bunt 
on  the  surface,  and  this  constitutes  the 
phenomenon  of  ebullition  (fig.  308*. 

The  laws  of  ebullition  have  be» 
determined  experimentally,  and  arc  a* 
follows  : — 

I.  The  temperature  0/  ebullition  or  the  boiling  point  increases  icitk  tk 
pressurj. 

I I .  For  a  given  pressure  ebullition  begins  at  a  certain  temperature,  vkuk 


Fig.  308. 
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irUs  in  different  liquids^  but  which  ^  for  equal  pressures,  is  always  the  same 

tk£  scume  liquid, 

1 1 1.   Whatever  be  the  intensity  of  the  source  of  heat,  as  soon  as  ebullition 
fins  the  temperature  of  the  liquid  remains  stationary. 


Boiling  points  under  tlie  pressure  of  760  millimetres. 

Nitrous  oxide 

.     -92« 

Acetic  acid     . 

117^ 

Carbonic  acid 

.     -80 

Amylic  alcohol 

131 

Ammonia 

•     -  39 

Propionic  acid 

'37 

Chloride  of  mcthyle 

•     -  23 

Butyric  acid   . 

156 

Cyanogen 

.     -  20 

Turpentine 

157 

Sulphurous  acid 

-  10 

Aniline   .... 

182 

Chloride  of  ethyle  . 

.     +  II 

Iodine     .... 

200 

Aldefa>'de 

21 

Phosphorus     . 

290 

Ether     .        .        .     ' 

37 

Strong  sulphuric  acid 

318 

Bisulphide  of  carbon 

47 

Mercury 

358 

Acetone 

56 

Sulphur  .... 

448 

Bromine 

.         58 

Phosphorus  pentasulphide 

530 

Methylic  alcohol    . 

66 

Selenium 

665 

Alcohol . 

78 

Cadmium 

720 

lienzole. 

80 

Zinc         .... 

1040 

Ui>stilled  water 

100 

Ki»pp  has  pointed  out  that  in  homologous  chemical  compounds  the  same 
iitfcrcnce  in  chemical  composition  frequently  involves  the  same  difference 
i  Vjilin;(  [)oints  ;  and  he  has  shown  that  in  a  very  extensive  series  of 
iomp'iunds,  the  fatty  acids  for  instance,  the  difference  of  CH'^  is  attended  by 
I cfftrtnce  of  19'  C.  in  the  boiling  point.  In  other  series  of  homologous 
:'in;Mtun<l'»  the  corresponding  difference  in  the  boiling  point  is  30°,  and  in 
'vthcr-.  ;i;;Ain  24*^. 

3(4.  riieoretlcal  explanation  of  evaporation  and  ebnlUtlon. — From 
*hdt  hiiN  l>cen  Siiid  about  the  nature  of  the  motion  of  the  molecules  in  liquids 
?i: .  i:  may  readily  be  conceived  that  in  the  great  variety  of  these  motions, 
I'f  {.AMI  occurs  in  which,  by  a  fortuitous  concurrence  of  the  progressive, 
v;bntor\-,  and  rotator>'  motions,  a  molecule  is  projected  fiom  the  surface  of 
•Ivc  liu/jid  with  such  force  that  it  overleaps  the  sphere  of  the  action  of  its  cir- 
'■-Tija<-.ent  molecules,  l>efore,  by  their  attraction,  it  has  lost  its  initial  velocity  ; 
»ad  that  it  then  flies  into  the  space  above  the  lic|uid. 

Ut  us  first  suppose  this  place  limited  and  originally  vacuous,  it  gradu- 
»iHtii:s  with  the  propelled  molecules,  which  act  like  a  gas  and  in  their 
Q«K»n  are  driven  against  the  sides  of  the  envelope.  One  of  these  sides, 
^*c»tr,  is  the  surface  of  the  liquid  itself,  and  a  molecule  when  it  strikes 
*<air.-i  this  surface  will  not  in  general  be  repelled,  but  will  be  retained  by  the 
^'r^cv.on  which  the  adjacent  ones  exert.  Kquilibrium  will  be  established 
•f-w  d-  many  molecules  are  dispersed  in  the  surrounding  space  as,  on  the 
*-^rVc,  impinge  against  the  surface  and  are  retained  by  it  in  the  unit  of 
'■~t  This  state  of  equilibrium  is  not,  however,  one  of  rest,  in  which  eva- 
r^'iUiin  has  ceased,  but  a  condition  in  which  evaporation  and  condensation, 
*Jiich  ire  equally  strong,  continually  compens«ite  each  other. 
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found  to  be  ioi° ;  and  if  the  glass  vessel  had  been  previously  cleaned  by 
means  of  sulphuric  acid  and  of  potass,  the  temperature  would  rise  to  105**,  or 

even  to  106**,  before  ebullition  com- 
menced. A  piece  of  metal  placed  in 
the  bottom  of  the  vessel  was  always 
sufficient  to  lower  the  temperature  to 
100®,  and  at  the  same  time  to  pre%'ent 
the  violent  concussions  which  accom- 
pany the  ebullition  of  saline  or  add 
solutions  in  glass  vessels.  Whate\*er 
be  the  boiling  point  of  water,  the  tem- 
perature of  its  vapour  is  uninfluenced 
by  the  substance  of  the  vessels. 

367.  Znfliienoe  of  pressvr*  •• 
ttia  boUiiiff  point. — We  see  from  the 
table  of  tensions  (358)  that  at  100", 
the  temperature  at  which  water  boib 
under  a  pressure  of  760  millimetres, 
which  is  that  of  the  atmosphere,  aque- 
ous vapour  has  a  tension  exactly  equal 
to  this  pressure.  This  principle  is 
general,  and  may  be  thus  enunciated : 
A  liquid  boils  when  the  tension  of  its 
vapour  is  equal  to  the  pressure  it  sup- 
ports.    Consequently,  as  the  pressure 


Fig.  310. 


increases  or  diminishes,  the  tension  of  the  vapour,  and  therefore  the  tempe- 
rature necessary  for  ebullition,  must  increase  or  diminish.  Hence  a  liquid 
has  strictly  speaking  an  indefinite  number  of  boiling  points. 

In  order  to  show  that  the  boiling  point  is  lower  under  diminished  pres- 
sure, a  small  dish  containing  water  at  30°  is  placed  under  the  receiver  of 
an  air-pump,  which  is  then  exhausted.  The  liquid  soon  begins  to  boil,  the 
vapour  formed  being  pumped  out  as  rapidly  as  it  is  generated. 

A  paradoxical  but  ver>'  simple  experiment  also  well  illustrates  the  de- 
pendence of  the  boiling  point  on  the  pressure.  In  a  ghiss  flask,  water  is 
boiled  for  some  time,  and  when  all  air  has  been  expelled  by  the  steain,  the 
flask  is  closed  by  a  cork  and  inverted,  as  shown  in  fig.  310.  If  the  bottom 
is  then  cooled  by  a  stream  of  cold  water  from  a  sponge,  the  water  begins  to 
boil  again.  This  arises  from  the  condensation  of  the  steam  above  the 
surface  of  the  water,  by  which  a  partial  vacuum  is  produced. 

It  is  in  consequence  of  this  diminution  of  pressure  that  liquids  boil  00 
high  mountains  at  lower  temperatures.  On  Mont  Blanc,  for  example,  water 
boils  at  84°,  and  at  (Juito  at  90°. 

On  the  more  rapid  evaporation  of  water  under  feeble  pressures  is  based 
the  use  of  the  air-pump  in  concentrating  those  solutions  which  either  cannot 
bear  a  high  degree  of  heat,  or  which  can  be  more  cheaply  evaporated  in  an 
exhausted  sp<ace.  Howard  made  a  most  important  and  useful  application  o( 
this  principle  in  the  manufacture  of  sugar.  The  syrup,  in  his  method,  ii 
enclosed  in  an  air-tight  vessel,  which  is  exhausted  by  a  steam-engine.  The 
evaporation  consequently  goes  on  at  a  lower  temperature,  which  secures  the 
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Injury.    The  ^nme  plan  is  adopted  in  evaporatmg  the  juice  of 
ccffald  pluit9  used  in  T  i  medicinal  extract;^ 

Oil  ihc  other  ha  I  ^^   is   retarded  by  incrensing   the  pressure  : 

oader  the  pressure  of  i v\ ..  at  rtt. .spheres,  f^r  example,  water  only  boils  at  1 20*^-6, 
3168L  9i«j»iaia'fl  exi>erim©nt.— The  influence  of  pressure  on  boiling  may 
(bnlicr  be  illustnitcd  by  means  nf  an  cxpcrimeni  originally  made  by  Frank- 
fin.  Tbc  appanitus  consists  of  a  bulb,  a,  and  a  tube,  h^  fninrd  bv  a  tube  of 
SBftDer  dimeDsians  (6g*  3  J 1).  The 
mbe  k  is  diarvm  out^  and  the  appa- 
ai9»  fillad  with  wutcr,  which  is 
liiei  in  K^^at  part  boiled  a%vay  by 

acsm  of  a  spiril  lamp.     When  it      _  ^      ^^  -™ 

kM  been  boiJed  sufficiently  long  to     Wfc^^      .***  1  .  J»l 

Bpel  all  Uir  air,  the  tube  b  is  scaled. 
TWre  is  tlien  a  vacuum  in  the 
,  oc  rather  there  is  a  prcsi- 

n   of  aqueous  *^«fi-  i^. 

inary  tempc- 
ill.     Consequently  if  the  bulb»  a^  be  placetl  in  the  hand,  the 
to  produce  a  pressure  which  drives  the  water  into  the  tube 
.1  brisk  ebullitinn. 

«meat  of  H^l^lits  Hy  tHe  boll- 
-Frmn  the  connection  between  the 
|)€ii]»t  of  water   and   the   press  ire,  the 
\  irf  mouniaini  may  be  measured  by  the 
^  instead  of  by  the  barometer.     Sup- 
pan;  for  exiflipk;  it  is  found   that  water  boils 
m  ^  «aiiiiiiit  of  ji  mountain  at  90°,  and  at  its 
bir  it  r/P ;  %t  tliese  temperatures  the  elastic 
iRr  Of  icosfton  of  the  vapour  is  equal  to  that  uf 
!  pffciiaftt  on  the  liquid  ;  that  is,  to  the  prcs- 
I  VHB  of  tte  aimosphere  at  the  two  places  re- 
I  yaiiUy;    Now  the  tensions  of  aqueous  %apour 
■  ■rmiooB  t^mpcraturei  have  been  detormmed, 
•i  aecorditifly  the  tensions  corresponding  to 
^  above  V^^  '^  arc  sought  in  the  tables. 

Tiae  subIk  nf  the  atmospheric  pres* 

^*»  at  tb«^  in  other  w<jrds,  they 

9^tbtban'^  ,  and  fn>m  these  the 

^0|k  of  the  inotintain  n»ay  he  calculated  by 
^  Mcikvl  already  i^tven  (178].  An  ascent  of 
^^  tp8o  feet  {irodttces  a  diminution  of  i^  C. 
^tleboiiDgptiiat. 

TW  (meniakefics  used   for  this  purpose  are 

tkenm^-Atrf-""^-"  f^r  hypsonuUrSy  and 

cfcuapiiiied  ^  > m.   They  consist  cs- 

fof  afonr  -I  for  boiling  water 

r  Siiiv  ftttcd  w^*  '  thermometers, 

I  aie  only  graauaica  irom  bo^  to  100"  ;  so  that,  as  each  degree  occupies 

V 
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a  considerable  space  on  the  scale,  the  loths,  and  even  the  looths,  of  a 
degree  may  be  estimated,  and  thus  it  is  possible  to  determine  the  height  of 
a  place  by  means  of  the  boiling  point  to  within  about  lo  feet. 

370.  Vormatloii  of  Taponr  in  closed  tubes. — We  have  hitherto  con- 
sidered vapours  as  being  produced  in  an  indefinite  space,  or  where  they 
could  expand  freely,  and  it  is  only  under  this  condition  that  boiling  can 
take  place.  In  a  closed  vessel  the  vapours  produced  finding  no  issue,  their 
tension  and  their  density  increase  with  the  temperature,  but  the  rapid  disen- 
gagement of  vapour  which  constitutes  boiling  is  impossible.  Hence,  while 
the  temperature  of  a  liquid  in  an  open  vessel  can  never  exceed  that  of  boU- 
ing,  in  a  closed  vessel  it  may  be  much  higher.  The  liquid  state  has, 
nevertheless,  a  limit ;  for,  according  to  experiments  by  Cagniard- 
Latour,  if  either  water,  alcohol,  or  ether  be  placed  in  strong  glass 
tubes,  which  are  hermetically  sealed  after  the  air  has  been  ex- 
pelled by  boiling,  and  if  then  these  tubes  are  exposed  to  a 
sufficient  degree  of  heat,  a  moment  is  reached  at  which  the 
liquid  suddenly  disappears,  and  is  converted  into  vapour  at 
200°,  occupying  a  space  less  than  double  its  volume  in  the  liquid 
state,  its  tension  being  then  38  atmospheres. 

Alcohol  which  half-fills  a  tube  is  converted  into  vapour  at 
207°  C.  If  a  glass  tube  about  half-filled  with  water,  in  which 
some  carbonate  of  soda  has  been  dissolved,  to  diminish  the 
action  of  the  water  in  the  glass,  be  heated,  it  is  completely 
vaporised  at  about  the  temperature  of  melting  zinc. 

When  chloride  of  ethyle  is  heated  in  a  very  thick  sealed 
tube,  the  upper  surface  ceases  to  be  distinct  at  170®,  and  is 
replaced  by  an  ill-defined  nebulous  zone.  As  the  temperature 
rises  this  zone  increases  in  width  in  both  directions,  becoming 
at  the  same  time  more  transparent ;  after  a  time  the  liquid  it 
completely  vaporised,  and  the  tube  becomes  transparent  and 
seemingly  empty.  On  cooling,  the  phenomena  are  reproduced  is 
opposite  order.  Similar  appearances  are  observed  on  heatii^ 
ether  in  a  sealed  tube  at  190.° 

Andrews  made  a  series  of  observations  on  the  beha^ioor 
of  condensed  gases  at  different  temperatures,  by  means  of  as 
apparatus,  the  principal  features  of  which  are  represented  is 

fig.  313. 

The  pure  and  dry  gas  is  contained  in  a  tube  g,  which  i» 

scaled  at  one  end,  and  the  gas  is  shut  in  by  a  thread  of  mtf^ 

cury.     The  tube  is  inserted  in  a  brass  end-piece,  E,  which  i» 

firmly  screwed  on  a  strong  copper  tube,  R.     At  the  other  end  il 

a  similar  piece,  in  which  a  steel  screw  works,  perfect  tighUMM 

Fig.  313.        being  ensured  by  good  packing.     The  lube  is  full  of  water, » 

that  by  turning  this  screw  the  pressure  on  the  enclosed  gn 

can  be  increased  up  to  500  atmospheres.     In  some  cases  the  projectiif 

capillary  tube  is  bent  downwards,  so  that  it  can  be  placed  in  a  freenaf 

mixture. 

Andrews  found  oh  raising  liquid  carbonic  acid  in  such  a  tube  to  a  tcmi** 
rature  of  31°  C.  that  the  surface  of  demarcation  between  the  liquid  and  tbi 
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gas  became  fainter,  lost  its  curvature,  and  gradually  disappeared.  The 
space  was  then  occupied  by  a  homogeneous  fluid,  which,  when  the  pressure 
was  suddenly  diminished,  or  the  temperature  slightly  lowered, 
exhibited  a  peculiar  appearance  of  moving  or  flickering  striae 
throughout  its  whole  mass.  Above  30**  no  apparent  liquefac- 
tion of  carbonic  anhydride,  or  separation  into  two  distinct 
forms  of  matter,  could  be  effected,  not  even  when  the  pressure 
of  400  atmospheres  was  applied. 

The  phenomenon  of  the  critical  temperature  may  also  be 
coQ^-eniently  illustrated  by  the  following  arrangement  (fig.  314), 
vfaich  is  also  well  adapted  for  projection  on  a  screen  by 
means  of  a  magic-lantern  for  lecture  purposes.  A  stout  glass 
tube  about  2* 5""  wide  and  40""  long  contains  liquid  sulphurous 
add,  and  is  supported  with  the  drawn-out  end  downwards,  in 
a  test-tube  by  means  of  a  wire  frame.  Pure  melted  paraffine 
b  added  to  about  lo'*  above  the  inner  tube.  The  whole 
urangement  is  suspended  in  a  retort-holder,  and  heat  applied 
with  a  spirit  lamp.  With  careful  manipulation  there  is  no  dan- 
ger, and  the  course  of  the  phenomenon  is  readily  seen  through 
the  clear  paraffine. 

From  similar  obser\'ations  made  with  other  substances  it 
aeer:s  that  there  exists  for  ever>'  liquid  a  temperature,  the 
Mtical point  or  critical  temperature.  While  below  this  critical 
pc'.r.!  a  sudden  transition  from  gas  to  liquid  is  accompanied 
".>  a  sudden  diminution  of  volume,  and  liquid  and  ^ms  arc 
wwrated  by  a  sharp  line  of  demarcation  ;  above  this  critical 
>/n:  :hc  chan;^'c  is  connected  with  a  ^adual  diminution  of 
volume,  and  is  quite  imperceptible.  The  condensation  can,  indeed,  only 
•*  rtrcr/nised  by  a  sudden  ebullition  when  the  pressure  is  lessened.  Hence, 
'■rdinar)-  condensation  is  only  possible  at  a  temperature  below  the  critical 
j^^Tni,  and  it  is  not  surprising,  therefore,  that  mere  pressure,  however  great, 
sio'jld  h.'i^e  failed  to  liquefy  many  <r  the  gases. 

The  N)ilin;:  j)oint  of  a  l>ody  may  be  defined  as  the  temperature  above 
»'.:  h  a  >>Kly  passes  into  the  state  of  gas,  not  only  on  the  surface  but  in  the 
v/iy  of  the  liquid  :  this  temperature  is  therefore  difTercnt  for  different 
;^f:-urcs,  and  is  accordin<;ly  a  relative  magnitude.  The  absolute  boiling 
P  .t;  i'.  the  temjierature  at  which  a  body  is  converted  into  gas,  whatever 
V?  :ht  pressure  :  it  is  identical  with  the  critical  temperature.  MendelcjctT 
•^•'tr*d  thai  a  relation  existed  between  the  absolute  temperature  and  the 
apiilarity  of  liquids.  Increase  of  temperature  diminishes  the  cohesion,  and 
listrtforc  the  capillarity  of  liquids.  The  capillarity  ultimately  vanishes, 
*fid  the  temperature   at  which   this   takes  place   is   the   absolute   boiling 

A  V2f**mr  may  be  defined  as  being  a  gas  at  any  temperature  below  its 
*:"*jcal  poinL  Hence  a  vai)our  can  be  converted  into  a  liquid  by  pressure 
4^''r.c  and  can  therefore  exist  in  the  pressure  of  its  own  liquid,  while  a  ^as 
rtv--r«5  crx>ling  as  well  as  pressure  to  convert  it  into  a  litjuid  ;  that  is,  to  alter 
•t-  dTrir.gemenl  in  such  a  manner  that  a  liquid  can  be  seen  to  be  separated 
froTT.  a  -ai  by  a  distinctly  bounded  surface. 
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571.  9Aiiin:s  difetter. — Papin  appears  to  have  been  the  first  to  investi- 
gate the  elTccts  of  the  production  of  vapour  in  closed  vessels.     The  apparatus 

which  bears  his  name  consists  of  a  cylin- 
drical iron  vessel  (fig.  515),  provided  with 
a  cover,  which  is  firmly  fastened  dom 
by  the  screw  B.  In  order  to  close 
vessel  hcrractically,  sheet  lead  is  pi 
between  the  edges  of  the  cover  and  the 
vessel  At  the  bottom  of  a  cj^lindncaJ 
cavity,  w*hich  traverses  the  cylinder  S, 
and  the  tub  u  111  re  £>,  the  covet  is  prrfonited 
by  a  small  oritke  in  which  there  is  a  rod 
n.  This  rod  presses  against  a  lever.  A, 
movable  at  a^  and  the  pressure  may  be 
regulated  by  means  of  a  weight  morable 
on  this  lever.  The  lever  is  so  ih-eigtited 
that  when  the  pressure  in  the  interior  is 
equal  to  6  atmospheres,  for  example,  the 
valve  rises  and  the  vapour  escapes.  The 
destruction  of  the  apparatus  is  tiktt 
avoided,  and  this  mechanism  has 
received  the  name  of  safety-xfalvt, 
^^^^=^   '^    ^  digester  is   filled   about  two-thirds 

»  water,  and  is  heated  on  a  furnace. 

>\'aier  may  ihus  be  raised  to  a  tempemlttff 
far  above  ioo^»  and  the  pressure  of  ihe  vapour  increased  to  several 
spheres,  according  to  the  weight  on  the  lever. 

We  have  seen  that  water  boils  at  much  lower  temperatures  00 
mountains  (367)  j  the  temperature  of  water  boiling  in  open  vessels  in  vaA 
localities  is  not  sufficient  to  soften  animal  fibre  completely  and  extnct 
the  nutriment,  and  hence  Papin*s  digester  is  used  in  the  prepiumioB  rf 
food. 

Papin's  digester  Is  used  in  extracting  gelatine.  When  bones  are  dhc^siBl 
in  this  apparatus  they  are  softened^  so  that  the  gelatine  which  tbe^'  cootail 
is  dissolved:  the  part  through  which  the  screw  B  passes  is  mauteof  ndl 
elasticity  that  it  yields  and  the  lid  opens  when  the  pressure  of  the  vapoif 
becomes  dangerous. 

372.  &at«iit  ti«At  of  ▼aponr. — As  the  temperature  of  a  liquid  remiiP 
constant  during  boiling,  whatever  be  the  source  of  heat  (363),  it  folkiw 
that  a  considerable  quantity  of  heat  becomes  absorbed  in  boilingr  tli 
only  eflect  of  which  is  to  transform  the  body  from  the  liquid  to  the 
condition.  And  conversely,  when  a  saturated  vapour  passes  tsitii  die 
of  liquid  it  gives  out  a  definite  amount  of  heat. 

These  phenomena  were  first  observed  by  Black,  and  he  described  tl 
by  sa>nng  that  during  vaporisation  a  quantity  of  sensible  beat  bcramc 
and   that  the   latent   heat  again  became  free  during  condensation, 
quantity  of  heat  which  a  liquid  must  absorb  in  passing  from  the  liquM| 
the  gaseous  state,  and  which  it  gives  out  in  parsing  from  the  state  of 
to  that  of  liquid^  is  spoken  of  as  the  latent  htat  qf  evaf&r&titNt. 
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The  analogy  of  these  phenomena  to  those  of  fusion  will  be  at  once  seen  ; 
the  modes  of  determining  them  will  be  described  in  the  chapter  on  Calori- 
metry ;  but  the  following  results,  which  have  been  obtained  for  the  latent 
heats  of  e>'aporation  of  a  few  liquids,  may  be  here  given  : — 

Water     ....       536  Bisulphide  of  carbon        .  87 

Alcohol  ....       208  Turpentine       ...  74 

Acetic  acid                      .102  Bromine  ....  49 

Ether       ....         90  Iodine      ....  24 

The  meaning  of  these  numbers  is,  in  the  case  of  water,  for  instance,  that 
k  requires  as  much  heat  to  convert  a  pound  of  water  from  the  state  of  liquid 
at  the  boiling  point,  to  that  of  vapour  at  the  same  temperature,  as  would  raise 
a  pound  of  water  through  536  degrees,  or  536  pounds  of  water  through  one 
dqiree  ;  or  that  the  conversion  of  one  pound  of  vapour  of  alcohol  at  78® 
itto  liquid  alcohol  of  the  same  temperature  would  heat  208  pounds  of  water 
tkiougfa  one  degree. 

Watt,  who  investigated  the  subject,  found  that  the  whole  quantity  of  heat 
•fcrssary  to  raise  a  given  weight  of  water  from  zero  at  any  temperature, 
and  then  to  evaporate  it  entirely,  or  what  is  called  the  heat  of  e^japoration^ 
a  a  constant  quantity.  His  experiments  showed  that  this  quantity  is  640. 
Hence  the  lower  the  temperature  the  greater  the  latent  heat,  and,  on  the  other 
hacd,  the  higher  the  temperature,  the  less  the  latent  heat.  The  latent  heat  of 
tbc  vapour  of  water  evaporated  at  100°  would  be  540,  while  at  50  degrees  it 
wtiold  be  590.  At  higher  temperatures  the  latent  heat  of  aqueous  vapour 
would  /o  on  diminishing.  Water  evaporated  under  a  pressure  of  1 5  atmo- 
spheres at  a  temperature  of  200°  would  have  a  latent  heat  of  440,  and  if  it 
codd  be  evaporated  at  640®  it  would  have  no  latent  heat  at  all. 

Kc^Tiault,  who  examined  this  question  with  great  care,  found  that  the 
total  quantity  of  heat  necessary  for  the  evaporation  of  water  increases  with 
tbc  ttmperature,  and  is  not  constant,  as  Watt  had  supposed.  It  is  repre- 
sented by  the  formula 

Q  =  606-5  -f  0*305/, 

in  which  Q  is  the  total  quantity  of  heat,  and  /  the  temperature  of  the  water 
tonjj  evaporation,  while  the  numbers  are  constant  quantities.  The  total 
tpuntity  of  heat  necessar>'  to  evaporate  water  at  100®  is  6065  +  (0*305  x  100) 
^637;  at  120'  it  is  643;  at  150°  it  is  651  ;  and  at  iSo""  it  is  661. 

Thus  the  heat  required  to  raise  a  pound  of  water  from  zero  and  convert 
iiinio  steam  at  100°  represents  a  mechanical  work  of  885430  units,  which 
•odd  be   sufficient  to  raise  a  ton  weight  through  a  height  of  nearly  400 

fetL 

Tne  total  heat  of  the  evaporation  of  ether  is  expressed  by  a  formula 
«3nilir  to  that  of  water,  namely,  Q  =  64 +  0*045/;  ^"^  ^^^^  ^^^  chloroform 

The  heat  which  is  expended  simply  in  evaporating  a  liquid  produces  no 
rise  of  temperature,  and  only  appears  as  doing  the  work  of  a  change  of 
«atc  One  portion  of  this  work  is  expended  in  overcoming  the  cohesion  of 
the  particles  in  the  liquid  state,  and  enabling  them  to  assume  the  gaseous 
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form — ^this  is  the  internal  u*nrk  ;  the  oiher»  the  txiernal  work^  is  expended 
in  overcoming  the  external  pressure  on  the  vapK>ur  formed,  and  which  is 
much  greater  than  in  the  original  liquid  state,  for  the  volume  is  greatly 
increased. 

Knowing  the  increase  of  volume^  and  the  pressure,  the  external  work  may 
be  calculated  ;  for  if  the  volumes  of  unit  weight  of  the  substance  in  the  stale 
of  liquid  and  of  vapour  are  respectively  cr  and  jr,  the  pressure  for  unit 
surface  is  /.  Thus  the  external  work  is  A/  (*r  -  /),  A  being  the  mechanical 
equivalent  of  heat     So  that,  if  r  is  the  total  heat  of  evaporation^ 

r-/>  +  A/  (ir-jf) 

in  which  ^  is  the  internal  work.  From  the  values  of  r  and  of  hp  (<r  -  J^  **  »* 
easy  to  deduce  that  of  />,  and  it  is  found  that  this  value  decreases  as  the  tem- 
perature increases. 

375.  Ooia  dne  to  evaporatioii.  Meroury  f^osen. — Whatever  be  the 
temperature  at  which  a  vapour  is  produced,  ;in  absorption  of  heat  al«^)rs 
takes  place.  If,  therefore,  a  liquid  evaporates,  and  docs  not  receive  ^tm 
without  a  quantity  of  heat  equal  to  that  which  is  expended  in  producing  tbe 
vapour,  its  temperature  sinks,  and  the  cooling  is  greater  in  proportion  as  ibc 
evaporation  is  more  rapid. 

Leslie  succeeded  in  freezing  water  by  means  of  rapid  evj^ponrtioii. 
Under  the  receiver  of  the  air-pump  is  placed  a  vessel  containir  s«U, 

phuric  acid^  and  above  it  a  thin  metal  capsule,  A  (fig.  316),  contai  tiaB 

quantity  of  water,  fly 
exhausting  the  receiver 
the  water  begins  to 
boil  (360),  and  uact 
the  vapour  is  absorbed 
by  the  sulphuric  acii 
as  fast  as  it  is  fonnedL 
a  rapid  evaponam 
is  produced*  1  '  *  * 
quickly  cfllcai 
frceiing  of  ilie 

This  cxpefimort 
best      performed     bf 
using^  instead  of  a  tllii 
Pig.  316^  *'*«•  3»7.  inrtnt    dr^sh,   .1    trtfffe* 

black  and  resting  on  a  cork.     The  advantage  of  this  1 

lampblack  is  a  vcr>' bad  conductor;  and,  secondly,  tl  is  not   v 

the  liquid,  which  remains  in  the  form  of  a  globule  not  in  conL  .  ' 

glass.     A  small  iKirous  dish  may  also  advantageously  be  usecL 

The  same  result    is  obtained  by  mean*  of  WollastonS  ay0pkMmi  ^ 
317),  which  consists  of  a  bent  glass  tube  provided  with  a  bulb  at  cach«ii 
The  apparatus  is  prepared  by  introducing  a  limall  quantity  of '^"* 
is  then  boiled  so  as  to  expel  all  air.     It  is  then  hermciiiMlly  b^ 
on  cooling  it  contains  only  water  and  the  vapour  of  water,      '" 
toifoduccd   info  the  bulb  A,   the   other  bulb   is    immerv. 
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The  vapour  in  the  tube  is  thus  condensed  ;  the  water  in  A  rapidly 
«.    But  this  rapid  production  of  vapour  requires  a  large  amount  of 
«r|iicli  is  abstraaed  from  the  water  in  A^  and  its  temperature  is  so  much 
"  tliat  it  frecics. 

ttsin^  liquids  more  volatile  than  water,  more  particularly  liquid  sul- 
addt  which  boils  at  -  lo*',  or,  still  better,  chloride  of  methyle,  which 
prepared  industrially  in  large  quantities^  a  degree  of  cold  is  obtained 
itjy  low  to  frcexe  mercury.  This  experiment  may  be  made  on  a 
scale  by  covering  the  bulb  of  a  thermometer  with  cotton  wool,  and 
ifter  Invtng  moistened  it  with  the  liquid  in  question,  placing  it  under  the 
makwwx  of  the  air-pump.  When  a  vacuum  is  produced  the  mercury  is 
ifikkly  froxen. 

By  passing  a  current  of  air  previously  cooled  through  liquid  chloride  of 
nnlijrle,  temperatures  of  from  -23**  to  -70**  C.  may  be  maintained  with 
^W  COQStancy  for  several  hours. 

tlkilorter^  by  directing  a  jet  of  liquid  carbonic  acid  on  the  bulb  of  an  alcohol 
tJ^llUMimjler^  obtained  a  temperature  of  —  100°  without  freezing  the  alcohol. 
Wa  have  already  seen,  however  (343),  that  with  a  mixture  of  solid  carbonic 
xid,  itqitid  protoxide  of  nitrogen  and  cther^  Despretz  obtained  a  sufficient 
4^pee  oCcold  to  reduce  alcohol  to  the  viscous  state. 

By  meaas  of  the  evaporation  of  bisulphide  of  carbon  the  formation  of  ice 
«if  tw  iOostrated  without  the  aid  of  an  air*pump.  A  little  water  is  dropped 
fli  a  boafd,  and  a  capsule  of  thin  copper  foil,  containing  bisulphide  of 
cadmt^b  placed  on  the  water.  The  evaporation  of  the  bisulphide  is  accele- 
QGed  by  means  of  a  pair  of  bellows^  and  after  a  few  minutes  the  water 
InBCt  round  the  capsule  so  that  the  tatter  adheres  to  the  wood. 

Ill  Gke  manner,  if  some  water  be  placed  in  a  test-tube,  which  is  then 
in  a  ghiss  containing  some  ether,  and  a  current  of  air  be  blown 
the  ether  by  means  of  a  glass  tube  fitted  to  the  noxxle  of  a  pair  of 
the  rapid  evaporation  of  the  ether  ver>'  soon  freezes  the  water  in 
^  tube*  Rirh-rird son's  apparatus  for  producing  local  anaesthesia  also 
%eadi  oil  ^  roduced  by  the  evaporation  of  ether. 

The  cold  ,  i  by  evaporation  is  used  in  hot  climates  to  cool  water 

%  moiia  of  aUarruxas,  These  are  porous  earthen  vessels,  through  which 
*V9  peicolates  so  that  on  the  outside  there  is  a  continual  evaporation^  which 
>kiopiicfi&ed  when  the  vessels  arc  placed  in  a  current  of  air.  For  the  same 
^UQQ  »iiM  Is  cooled  by  wrapping  the  bottles  in  wet  cloths  and  placing  them 
n&drsuglit 

la  Uamioii'ft  method  of  making  ice  artificially,  a  steam-engine  is  used  to 
•«k  10  air*pump  which  produces  a  rapid  evaporation  of  some  ether^  in 
*lidl  it  ilBiaencd  the  vessel  containing  the  water  to  be  frozen.  The  ap- 
faaHi  b  fO  COfistructed  that  the  vaporised  ether  can  be  condensed  and 
Mi^ala* 

Tit  cooing  effect  produced  by  a  wind  or  draught  does  not  necessarily 
•fae  Imi  llie  wind  being  cooler,  for  it  may,  as  shown  by  the  thermometer, 
^USmS&f  warmer,  but  ariiies  from  the  rapid  evaporation  it  causes  from  the 
iVfKe^llie  skiiL  We  have  the  feeling  of  oppression  even  at  moderate 
In^esatorcsi  when  we  are  in  an  atmosphere  saturated  by  moisture,  in  which 
ao  evapofatiofi  takes  place. 


374'  Cmrrk'm  appBratuB  for  fl'e^Btnff  water. — We  have  already  seen  that 

when  any  liquid  is  converted  into  vapour  it  absorbs  a  considerable  quantity 
of  sensible  heat ;  this  furnishes  a  sijurce  of  cold  which  is  more  abundant  the 
more  volatile  the  liquid,  and  the  greater  its  heat  of  vaporisation. 

This  property  of  liquids  has  been  utilised  by  M.  Carrd,  in  freeiing  water 
by  the  distillation  of  ammonia.  The  apparatus  consists  of  a  c>lindhcai 
boiler  C  (figs.  318, 319),  and  of  a  slightly  conical  vessel  A,  which  is  they>v«ay. 
These  two  vessels  arc  connected  by  a  tube,  ///,  and  a  brace,  w,  binds  tbcro 
firmly.  They  are  made  of  strong  galvanised  iron  plate,  and  can  resist  a 
pressure  of  seven  atmospheres. 

The  boiler  C,  which  holds  about  two  gallons,  is  three  parts  tilled  witli  a 
strong  solution  of  ammonia.  In  a  tubulure  in  the  upper  part  of  the  boiler 
some  oil  is  placed,  and  in  this  a  thermometer  /.  The  freezer  A  consists  of 
two  concentric  envelopes,  in  such  a  manner  that,  its  centre  being  hollow,  a 
metal  vessel,  G,  containing  the  water  to  be  frozen,  can  be  placed  in  this  spjkCiL 
Hence  only  the  annular  space  between  the  sides  of  the  freezer  is  in 
nication  with  the  boiler  by  means  of  the  tube  m.  In  the  upper  part  1 
freezer  there  is  a  small  tubulure,  which  can  be  closed  by  a  metal  sto 
and  by  which  the  solution  of  ammonia  is  introduced. 

The  formation  of  ice  comprehends  two  distinct  operations.     In  the  I 
the  boiler  is  placed  in  a  furnace  F,  and  the  freezer  in  a  bath  of  cold 
about  12^    The  boiler  being  heated  to  130%  the  ammoniacat  gas  di; 


in  the  water  of  the  boiler  is  disengaged,  and,  in  virtue  of  if^  f^wrt  prr'^Hm^  ^ 

liquefied  tn  the  freezer,  along  with  about  a  tenth  of  its 

distillation  of  C  towards  A  lasts  about  an  hour  and  a  tr 

finished  the  second  operation  commences;  this  consists  m  '-^ 

in  the  cold-water  bath  (fig.  319),  and  the  freezer  outside,  ^  '^ 

to  surround  it  with  dry  flannel     The  vessel  G,  about  threc-qu 
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» is  placed  in  the  freezer.  As  the  boiler  cools,  the  ammoniacal  gas 
'  «ldi  which  it  is  filled  is  again  dissolved  ;  the  pressure  thus  being  diminished, 
\  th^  awnnnia  uhich  has  been  liquetied  in  it  is  converted  into  the  gaseous 
m1  now  distils  from  A  towards  C,  to  redissolve  in  the  water  which 
I  rcmaiiied  in  the  boiler.  During  this  distillation  the  ammonia  which  is 
pttitoi  absorbs  a  greai  quantity  of  heat,  which  is  withdrawn  from  the  vessel 
G  aful  die  urater  it  contains.  Hence  it  is  that  this  water  freezes.  In  order 
10  tope  better  contact  between  the  sides  of  the  vessel  G  and  the  freezer^ 
ikabiil  Is  poured  between  them,  tn  about  an  hour  and  a  quarter  a  perfectly 
cnnpacl  cylmdrical  block  of  ice  can  be  taken  from  the  vessel  G. 

Tli»  jLpparatus  gives  about  four  pounds  of  ice  in  an  hour,  at  a  price  of 
itewtt  a  faxthtng  per  pound  ;  large  continuously  w  orking  apparatus  have,  how- 
Cftr^  beoi  constructed,  which  produce  as  much  as  Suo  pounds  of  ice  in  an  hour. 
Carr^  has  constructed  an  ice-making  machine  which  is  an  industrial 
ifpftiatkio  of  Leslie's  experiment  (373),  and  by  which  considerable  quantities 
itf^ truer  may  be  firn/cn  in  a  short  time,    it  consists  of  a  cylinder  R,  about  1 5 
oches  \gm%  by  4  in  diameter,  made  of  an  alloy  nf  lead   and  antimony 
i||.  530V    At  one  end  is  a  funnel  E,  by  which  strong  sulphuric  acid  can  be 
imrfuged  ;  at  the  other  is  a  tubulurc  w,  to  which  is  screwed  a  dome  d  that 
i^fUlla  a  fcrics  of  obstacles  intended  to  prevent  any  sulphuric  acid  from 
ipiiliuf  lAto  m  and  3.    There  are,  moreover,  on  the  receiver  a  wide  tube  u^ 
ikted  by  a  ibkk  glass  disc  O,  and  a  long  tube  //,  to  the  lop  of  which  is  titled 
Ae  battle  C   coo- 
tain^  water  to  be 
fateu    TTie  dome 
<  tk^  disc  O,  and 
^Hopper /of  the 
bd   E    afe    all 
«M»ith  wajL. 

Ob  the  side  of 
^  Ttetivtf  b  an 
*»  rmn^  r,  con* 
*«td  with  it  by  a 
^  K  ««d  worked 
^ihftmtleM.  Til 
te  fauKlle  Ci  at 
*d»4  tt  rod  /. 
•'o      by       the 

*«^  00  the  left 

^  ^  %gmt.  WW  ks 

•  ^i^mm  A  bi  die 

*>^isic  acid*    A 

^  X  oooaected 

*tt  a  hamootal 

^    wiucb      ira- 

«fiei  a  mull  stii^T-  Fig.  3. . 

i^r^tt   %    tfajiS' 

Mib  iHa  hMdcward  and  forward 


motion  to  the  rod  e  and  to  the  stirrer.    This 
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and  the  stuffing-box  n  arc  fitted   in  a  tubulyrc  on  the  side  of  the  lubii- 

The  smallest  size  which  Carr^  makes  contains  2*5  kilo^ammes  of  sul- 
phuric acid,  and  thc'water-bottlc  about  400  grammes^  when  it  is  one-third  full. 
After  about  70  strokes  of  the  piston  the  water  begins  to  boil ;  the  add  being 
in  continued  agitation,  the  vapour  is  rapidly  absorbed  by  it,  and  the  pump  ts 
worked  until  freezing  begins.  For  this  purpose  it  is  merely  necessaiy  to 
give  a  few  strokes  ever>'  five  minutes.  The  rate  of  freezing  depends  on  the 
strength  of  the  acid  j  when  this  gets  very  dilute  it  requires  renewal  ;  but 
water-bottles  can  be  frozen  with  the  same  quantity  of  acid. 


LIQUEFACTION  OP  VAPOURS  AND  GASES. 
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375.  Alquefaotloii  0f  vapours. — The  ii^ue/action   or  condensaii^n  ol 

vapours  is  their  passage  from  the  aeriform  to  the  liquid  state.  Coodensa- 
tion  may  be  due  to  three  causes — cooling,  compression,  or  chemical  action. 
For  the  first  two  causes  the  vapours  must  be  saturated  (353),  while  tbe 
latter  produces  the  liquefaction  of  the  most  rarefied  vapours.  Thus,  a  lai^ 
number  of  salts  absorb  and  condense  the  aqueous  vapour  in  the  atmosphere, 
however  small  its  quantity. 

When  vapours  are  condensed,  their  latent  heat  becomes  free  ;  that  is»  it 
affects  the  thermometer.  This  is  readily  seen  when  a  current  of  steam  at 
100®  is  passed  into  a  vessel  of  water  at  the  ordinary  temperature.  The  hqcuid 
becomes  rapidly  heated,  and  soon  reaches  loo''*  Tlic  quantity  of  heat  given 
up  in  liquefaciion  is  equal  to  the  quantity  absorbed  in  producing  the  vapour. 

376.  Dlstilltttlon.     SU114* — Distiliation    is    an   operation   by  which  a 
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«f  beat,  and  c»i3k 
The  Jiyimifc 
greatly,  Imi  ix 
Jk  copper  "vcsB 
fnaoe;  and,  tis 
htenl  tube.  C 
piaoed  in  a 
vorm  is  to 

To  free  aniina?T 
placed  in  a  still 
vom,  and  ibe  dsiilcc 
the  receiver  D.    Tbe 
osiem,  viudb  sssL 
<wiTBHiaI  sopp^  of  coic 
!be  ligfaxer  faeaiec 
4^  die  risfrriL 
377 


vr-  -as  a^nm- 


3s  fanx.  jxsf  '^x^ 

E  luw^  isr  of  win:!  ns  xr  mr 

m.  Tat  nocn    azu.  rrtm.  «nii=r  <^ 

^  m.  sos^  sssL  HT  IT  ^ciiier.  txint 

id  &  3XL  ifssEEs:     Tns  nsisr:  a:  i» 

vrhiri  c  rnnxain^  i:  « 

ri'TTipigsL  as    iHiiirinpc  xcihr 

or  s^  cJoIisrtsiL  xr 

S  TBXHdrr  xisa:  itt  vmer  ir  ^w 

Far  ^is  imnNsir  & 

nf  -air  rsasn;.  white 


an£  ^^  -«i»*^  ~x«r  a  miie  xzi  die  inr 


-Ir  nw*iltiTir  smal  giaarrrirf  nf  liax]id> 
«r  in  taking  ibe  boofinp  ynac  x£  a  jionid.  »  at  mc  ir-  jise  arr  nf  i;.  iht 
^?pi73i:xi5  kncivx  as  Lamf:  Ctmaaae^  s  «?-'.  twit*"y  cssfiL.  I:  rnTS^!C>  .t  s, 
^A-it-bt  tr  ^r.  T-:;..  siij'iu:  -uixr^  m-JiK*  jaii;:  fir.i:i  n.  l  r:i:i:tsr  :r  :.r  rtSf 
bj  nesins  of  ^ferfurai-rc  i-.riii.  A  rycsunr  sinipv  x'  rrni  v-i.:£:  r-.iTr.  :hr 
^«s«!  d  paiibce  iai:  tii*  s;;ii'Jt  nerv^ser  lift  rv:  ti;:»i.-%.  it*  ::^  rrc  ry?,".  Tr  '.^r 


r\g. 


^^tr  pan  of  the  condenser  by  a  funnel  ami  lubc  /  and  do>»inj:  out  Ii\m«  the 
^>?rr  pan  of  the  tube  g.  Tbc  liquid  to  he  distilled  is  ooniainoii  in  a  irioit, 
L'ea-TK  of  which  is  placed  in  the  tube  ;  the  condensed  lu^uid  drops  quite 

o^M  into  a  \-C55cl  placed  to  receive  it  at  the  other  eMremiiy  of  the  oon- 

feiing  tube. 
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378.  Apparatus  for  determlnlitff  tli©  alooboUo  ▼»!&«  of  wines.— One 

of  the  fomiis  of  this  apparatus  conbisls  of  a  glass  flask  resting  on  a  tnpod, 
and  heated  by  a  spirit  lamp  (fig.  333).     IJy  means  of  a  caoutchDuc  tube  this 

is  connected 
with  a  worm 
placed  in  a  co{>- 
per  vessel  filled 
with  cold  water, 
andbcJowwhidi 
15  a  test  glass 
for  collecting  the 
distillate.  On 
this  arc  three 
divisions,  one  19^ 
which  mcastire^^ 
the  quantity  ol' 
wine  t«iken  ;  the 
two  others  indi* 
eating  one^haif 
and  one-third  of 
this  volume^ 

1-      -  The       test* 

^lass  ts  filled  with  the  wine  up  to  a ;  this  is  then  poured  into  the  fUsl^ 
which  having  been  connected  with  the  worm,  the  distillation  is  commcnced- 
The  liquid  which  distils  over  is  a  mixture  of  alcohol  and  water  ;  for  or* 
dinary  wines»  such  as  clarets  and  hocks,  about  one-third  is  distilled  ovrr, 
and  for  wines  richer  in  spirit,  such  as  sherries  and  ports,  onc-half  must 
be  distilled  ;  experiment  has  shown  that  under  these  circumstances  alt 
the  alcohol  passes  over  in  the  distillate.  The  measure  is  then  tilled  up  willl 
distilled  water  to  a  ;  this  gives  the  mixture  of  alcohol  and  water  of  the 
volume  as  the  wine  taken,  free  from  all  solid  matters,  such  as  sugar, 
ing  matter,  and  acid,  but  containing  all  the  alcohol.  The  specific 
of  this  distillate  is  then  taken  by  means  of  an  alcoholometer  (128),  aoid 
number  thus  obtained  corresponds  to  a  certain  strength  of  alcohol  as  indjcated 
by  the  tables, 

379.  Bafety.tnb©,— In  preparing  gases  and  collecting  them  o\'cr  roercitfy 
or  water,   it  occasionally  happens   that   these  liquids  rush   back  mtu  tte 

generating   vessel,  and    destroy    the    operatiidn* 


Up  Willi  J 

SnuH 


i  This  arises  from  an  excess  of  atmospheric 

_^                M  over  the  elastic  force  in  the  vessel     If  a 

\\           ***    \  sulphurous  acid  for  example  -  be  generated  to  Ac 

r  l          ^    ,^  t^ask  m  (fig.  324),  and  be  passed  into  water  tn  the 

I   J  A      w^^^^r  vessel  A,  as  long  as  the  gas  is  given  off  fi*^, 

^h|_     ^\r^T^  *^^  elastic  force  exceeds  the  atmospheric  prcssuie 

^flJJBp    ~\  *^dr  *^"^  ^^^^  weight  of  the  column  of  water,  01%^  so  thit 

^fi^^F  the  water  in  the  vessel  cannot  rise  in  the  CoUr 

"    ^  :ind  absorption  is  impossible.     But  if  tiie  leniaQB 

^'"  decre^iscs,    either    through   tl)e  Aask    bccomiHC 

cooled  or  the  gas  being  disengaged  too  slowly,  the  external  pretfure  pre* 
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Tiiik^  and  wben  it  exceeds  the  mtemal  tension  by  more  ihan  the  weight  of 
tite  rohtnm  of  water  «?,  the  water  rises  into  the  flask,  and  the  operation  is 
yiiled.     This  accident  is  prie\*cnted  by  means  of  safety-tubes. 

Tb^K  are  tobes  which  prevent  absorption  by  allowing  the  air  to  enter  in 
laupuntkxi  as  the  internal  tension  decreases.     The  sin:>p1est   is   a   tube  C 
through  the  cork  which 

M,  in  which  the  'gas  is 

feMnUctiy  ^uCk  dipping  in  tiie  liquid. 
^lien  tlie  tension  of  the  gas  diminishes  in 
M,  the  atniosph eric  pressure  on  the  water 
li  tlic  bath  £  causes  it  to  rise  to  a  certain 
M||il  in  tbc  tube  DA  ;  but  this  pressure, 
msamg  alto  on  the  liquid  in  the  tube  C, 
dirprttsei  It  to  the  same  depth,  assuming 
tha!  iKr  liquid  has  the  same  density  as 
tf-  r.  E.      Now  as  this  depth  is 

Jc--  ^««  i.ic  height  DH,  air  enters  by  the 
•pemuc,  bdbre  the  water  in  the  bath  can 
tat  to  A,  and  no  absorption  takes  place.  Fig.  jjs. 

J&x  &l«ii«fa«tloii  or  taaea.— We  have  already  seen  that  a  saturated 
r»  the  temperature  of  which  is  constant,  is  liquefied  by  increasing  the 
,  aiMl  thai,  the  pressure  remaining  constant,  it  is  brought  into  the 
^aid  state  ^  '  the  temperature. 

llaBtar.-  uhave  in  all  respects  like  gases.     And  it  is  natural 

t»iiyoi€  tliiii  ^ImI  afc  ordinarily  called  permanent  giises  are  really  un- 
Miinifd  irapours.  For  the  gaseous  form  is  accidental,  and  is  not  inherent 
•  tlaaattiie  of  the  subMancc,  Al  ordiiiar>'  temperatures  sulphurous  anhy- 
b  a  gas,  whiJe  in  countries  near  the  pi:>les  it  is  a  liquid  ;  in  temperate 
»  ecber  \%  a  liquid,  at  a  tropical  heat  it  is  a  gas.  And  just  as  unsatu- 
sM«apoars  may  be  brought  to  the  stale  of  saturation,  and  then  Hquefied, 
%«dfiifal]f  dtoiininhing  the  temperature  or  increasing  the  pressure^  so  by  the 
ganes  may  be  liquefied.  But  as  they  are  mostly  very*  far  rc- 
this  itatc  of  !*aluration»  great  cold  and  pressure  are  required, 
S«aie  al  them  may  indeed  be  liquefied  either  by  cold  or  by  pressure ;  for 
lb  Mffirity,  however,  both  agencies  must  be 
<«iteaeoiaiy  employed.  Hie  recent  researches 
*f  CdBtfel  afld  of  Fictet  have  shown  that  the 
fctOK^QO  ybnoMUMM/  gas  no  longer  exists,  now 
teil  ara  Ikiiiciicd. 

Ftradsy  wai  the  first  to  liquefy  some  of  the 
Pa^  Hit  metliod  consists  in  enclosing  in  a 
^  |has  tube  (%.  326)  substances  by  whose 
tiankal  actimi  the  gas  to  be  liquefied  is  pro- 
4oedl,  aad  tlmi  scalitig  the  shorter  leg.  In 
1  as  tJ>c  gas  Is  disengaged  its  pressure 
J  and  II  ultimately  liquefies  and  collects 
il  Ae  sfconer  leg,  xoore  especially  if  its  condensation  is  assisted  by  placing 
%m  iboftcr  Ics  in  ^  frteiing  mixture.  A  small  manometer  may  be  placed 
h  tbt  afipaiatus  to  indicate  the  ptcssure. 


Fig-  3^6. 
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Cyanogen  gas  is  readily  liquefied  by  heating  cyanide  of  mercury  in 
a  bent  tube  of  this  description  ;  and  carbonic  acid  by  heating  bicar- 
bonate of  sodium  ;  other  gases  have  been  condensed  by  taking  advan- 
tage of  special  reactions,  the  consideration  of  which  belongs  rather  to 
chemistry  than  to  physics.  For  example,  chloride  of  silver  absorbs  about 
200  times  its  volume  of  amm0niac.1l  gas  ;  when  the  compound  thus  formed 
is  placed  in  the  long  leg  of  a  bent  tube  and  gently  heated,  while  the  shorter 
leg  is  immersed  in  a  freezing  mixture,  a  quantity  of  liquid  ammoniacal 
gas  speedily  collects  in  the  shorter  leg. 

381.  Apparatus  to  liquefy  and  solidify  rases. — Thilorier  first  con- 
structed an  apparatus  by  which  considerable  quantities  of  carbonic  acid 
could  be  liquefied.  Its  principle  is  the  same  as  that  used  by  Faraday  in 
working  with  glass  tubes  ;  the  gas  is  generated  in  an  iron  cylinder,  and 
passes  through  a  metal  tube  into  another  similar  cylinder,  where  it  con- 
denses. The  use  of  this  apparatus  is  not  free  from  danger  ;  many  accidents 
have  already  happened  with  it,  and  it  has  been  superseded  by  an  apparatus 
constructed  by  Natterer,  of  Vienna,  which  is  both  convenient  and  safe. 

A  perspective  view  of  the  apparatus,  as  modified  by  Bianchi,  is  repre- 
sented in  fig.  328,  and  a  section  on  a  larger  scale  in  fig.  327.  It  consists  of 
a  wrought-iron  reservoir  A,  of  something  less  than  a  quart  capacity,  which 
can  resist  a  pressure  of  more  than  600  atmospheres.  A  small  force-pump  is 
screwed  on  the  lower  part  of  this  reservoir.  The  piston  rod  /  is  moved  by 
the  crank-rod  E,  which  is  worked  by  the  handle  M.  As  the  compression  of 
the  gas  and  the  friction  of  the  piston  produce  a  considerable  disengagement 
of  heat,  the  reservoir  A  is  surrounded  by  a  copper  vessel,  in  which  ice  or  a 
freezing  mixture  is  placed.  The  water  arising  from  the  melting  of  the  ice 
passes  by  a  tube  m  into  a  cylindrical  copper  case  C,  which  surrounds  the 
force-pump,  from  whence  it  escapes  through  the  tube  «,  and  the  stopcock  o. 
The  whole  arrangement  rests  on  an  iron  frame,  PQ. 

The  gas  to  be  liquefied  is  previously  collected  in  airtight  bags  R,  from 
whence  it  passes  into  a  bottle  V,  containing  some  suitable  drying  substance ; 
it  then  passes  into  the  condensing  pump  through  the  vulcanised  india-rubber 
tube  H.     After  the  apparatus  has  been  worked  for  some  time  the  rcscr>-oii — 
A  can  be  unscrewed  from  the  pump  without  any  escape  of  the  liquid,  for  it  i^M» 
closed  below  by  a  valve  S  (fig.  327).     In  order  to  collect  some  of  the  liquic^ 
gas,  the  reservoir  is  inverted  and  on  turning  the  stopcock  r  the  liquid  escape -s^ 
by  a  small  tubulure  x. 

When  carbonic  acid  has  been  liquefied  and  is  allowed  to  escape  into  ibc 
air,  a  portion  only  of  the  liquid  volatilises  ;  in  consequence  of  the  heat  al>- 
sorbed  by  this  evaporation,  the  rest  is  so  much  cooled  as  to  solidify  in  white 
flakes  like  snow  or  anhydrous  phosphoric  acid.     This  may  be  collected  by 
placing  a  stout  woollen  bag  like  a  tobacco  pouch  over  a  pipe  attached  to  the 
tube  x\  if  the  porous  mass  is  compressed  or  hammered  in  stout  wooden 
cylinders  sticks  of  solid  carbonic  acid  are  obtained,  very  like  chalk  in  appear- 
ance. 

Solid  carbonic  acid  evaporates  very  slowly.  By  means  of  an  alcohol 
thermometer  its  temperature  has  been  found  to  be  about  -9a  A  small 
quantity  placed  on  the  h.ind  does  not  produce  the  sensation  of  such  great 
cold  as  might  be  expected.     This  arises  from  the  imperfect  contact     But  if 
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tl^  iolld  be  mixed  with  ether  the  cold  produced  is  so  intense  that  when  a 
Uale  Is  placed  cm  the  skin  all  the  effects  of  a  severe  bum  are  produced.  A 
wkamm  oftl^sclwo  substances  solidifies  four  limes  its  weight  of  mercur\' 
in  ft  few  inixiutes.  When  a  tube  containing  liquid  carbonic  acid  is  placed  in 
mii^iifCf  the  liquid  becomes  solid  and  looks  like  a  transparent  piece 


*%1»7. 


Tbe  most  remarkable  liquefaction  obtained  by  this  apparatus  is  that  of 
•^l**  oiiiilc.  Tlic  gas  once  liquefied  only  evaporates  slowly,  and  produces 
*  Impcfvmre  of  tt^  below  rero.  Mercury  placed  in  it  in  small  quantities 
^^Buily  toGdifies.  The  same  is  the  case  with  water :  it  must  be  added 
fcp  by  -*-  -*  ^^hcrwise,  its  latent  heat  being  much  greater  than  that  of 
teRar}  1  ^vcn  up  by  the  water  in  solidifying  would  be  sufficient  to 

<*it  an  rxpiosicm  of  the  nitrous  oxide. 

XisivMis  oxide  is  readily  decomposed  by  heat,  and  has  the  property 
^  Mppwtiwg  tlie  combustion  of  bodies  with  almost  as  much  brilliancy  a& 
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•oxygen  ;  and  even  at  low  temperatures  it  preserves  this  property.  When  a 
piece  of  incandescent  charcoal  is  thrown  on  liquid  nitrous  oxide  it  continues 
to  bum  with  a  brilliant  light. 

The  cold  produced  by  the  evaporation  of  ether  (373)  has  been  used  by 
Loir  and  Drion  in  the  liquefaction  of  gases.  By  passing  a  current  of  air 
from  a  blowpipe  bellows  through  several  tubes  into  a  few  ounces  of  ether,  a 
temperature  of  -  34°  C.  can  be  reached  in  five  or  six  minutes,  and  may  be 
kept  up  for  fifteen  or  twenty  minutes.  By  evaporating  liquid  sulphurous 
acid  in  the  same  manner  a  great  degree  of  cold,  -  50®  C,  is  obtained.  At 
this  temperature  ammoniacal  gas  may  be  liquefied.  By  rapidly  evaporating 
liquid  ammonia  under  the  air-pump,  in  the  presence  of  sulphuric  acid,  a 
temperature  of  -87°  is  attained,  which  is  found  sufficient  to  liquefy  carbonic 
acid  under  the  ordinary  pressure  of  the  atmosphere. 

382.  Cailletet**  and  Piotet*s  researches. — Cailletet  and  Pictet,  work- 
ing independently,  but  simultaneously,  have  effaced  the  old  distinction 
between  permanent  and  non-permanent  gases,  by 
effecting  the  liquefaction  of  the  gases  oxygen  and 
hydrogen,  and  other  gases  hitherto  supposed  to  be 
incocrcible.  This  has  been  accomplished  by  means 
of  powerful  material  appliances  directed  with  great 
skill  and  ingenuity. 

The  essential  parts  of  Cailletet's  apparatus  arc 
represented  in  fig.  329.  The  gas  to  be  condensed 
is  contained  in  the  tube  TP,  which  is  fitted,  by 
means  of  a  bronze  screw  A  into  a  strong  wrought- 
iron  mercury  bath  B.  By  means  of  a  screw  REi 
and  a  tube  U,  this  is  connected  with  a  hydraulic 
or  a  screw  press  not  represented  in  the  figure.  The 
capillary  part  P  of  the  tube  T  is  placed  in  a 
vessel  M,  in  which  it  can  be  surrounded  by  a  frcex- 
ing  mixture,  and  this  again  is  surrounded  by  a 
stout  safety  bell -jar  C. 

When  a  pressure  of  250  to  300  atmospheres  i$ 
applied  by  means  of  the  hydraulic  press,  after 
waiting  until  the  heat  due  to  the  compression  has 
disappeared,  if  a  screw  arranged  in  the  press  is 
suddenly  opened,  the  pressure  being  diminished, 
the  cold  produced  by  the  sudden  expansion  of  the 
^as  in  the  tube  TP  is  so  great  as  to  liquefy  a  por- 
tion of  the  rest,  as  is  shown  by  the  production  of  a 
mist. 

This  observation  was  first  made  with  binoxide  of  nitroj^cn,  but  similar 
results  have  been  obtained  with  marsh  gas,  carbonic  acid,  and  oxygen. 

The  principle  of  Pictet's  method  is  that  of  liberating  the  gas  under  great 
pressure  combined  with  the  application  of  great  degrees  of  cold.  The 
essential  parts  of  the  apparatus  arc  the  following :— Two  double-acting 
pumps,  A  and  B  (fig.  330),  are  so  coupled  together  that  they  cause  the 
evaporation  of  liquid  sulphurous  acid  contained  in  the  annular  receiver  C 
By  the  play  of  the  pumps  the  gas  thus  evaporated  is  forced  into  the  re- 


Fig.  329. 
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ceivcr  D,  where  it  is  cooled  by  a  current  of  water,  and  again  liquefied  under 
a  pressure  of  three  atmospheres.  Thence  it  passes  again  by  the  narrow  tube 
d  to  the  receiver  C,  to  replace  that  which  is  evaporated. 

In  this  way  the  temperature  of  the  liquid  sulphurous  acid  is  reduced  to 
-  65^  Its  function  is  to  produce  a  sufficient  quantity  of  liquid  carbonic  acid, 
vfaich  is  then  submitted  to  a  perfectly  analogous  process  of  rarefaction  and 
condensation.  This  is  effected  by  means  of  two  similar  pumps  £  and  F. 
The  carbonic  acid  gas,  perfectly  pure  and  dry,  is  drawn  from  a  reservoir 
through  a  tube  not  represented  in  the  figure,  and  is  forced  into  the  condenser 
K,  which  is  cooled  by  the  liquid  sulphurous  acid  to  a  temperature  of  -  65% 
and  is  there  liquefied. 

H  is  a  tube  of  stout  copper  in  connection  with  the  condenser  K  by  a 
!iarrow  tube  k.  When  a  sufficient  quantity  of  carbonic  acid  has  been  liquefied, 
the  connection  with  the  gasholder  is  cut  off,  and  by  working  the  pumps  £ 
aad  F  a  vacuum  is  created  over  the  liquid  carbonic  acid  in  H,  which  pro- 
dxes  so  great  a  cold  as  to  solidify  it. 

L  is  a  stout  wrought-iron  retort  capable  of  standing  a  pressure  of  1,500 
aanospheres.     In  it  are  placed  the  substances  by  whose  chemical  actions 

ii«  gas  is  produced; 

p^iuissium  chlorate 

■■    "he     case     of 
j'n.      This   re- 
r  ■.!►  closed  by  a 

■•  c.^  roppcr  tube 

:  which  the  actual 

■-''icnsation  is  ef- 

'  •- 1,  near  the  end 

■'  *!;:'  h  is  a  spe- 
*■  onstructed 

■i--m**t».r   K,  and 

**.  r.  i^  closed   by 

'Ahtn  the  four 
'  • '    arc    set   in 


a 


'-.ji 


'I.  f'lf  uhich 
T.-'.r.-ine  of  15 
■•■  p^.'Aer  is  re- 
-'l,  heal  is  ap- 
:  •'»  the  retort. 
.•*^n  is  li^jcratcd 

.*      calculated 
'•::y,   the    tem- 


u 

if 

jrc  *^\  the   retort  being  about   485'^*     Towards  the  close   of  the   de- 
**>\\v*Ti  the  manometer  indicates  a  pressure  of  500  atmospheres,  and 


*'^-  ^  nks  to  320.  This  diminution  is  due  to  the  condensation  of 
i-'".  r  :his  stage  the  tube  contains  liquefied  o\y;;en.  If  the  cock  N  is 
"^'*-<*^  'he  gas  iiisues  with  violence,  having  the  appearance  of  a  dazzlin;; 
•:!•  prncil.  This  lasts  three  or  four  seconds.  On  closing  the  stopcock 
*•'"-  p.'-r- sure,  which  had  diminished  10400  atmospheres  now  rises  a^^'lin,  and 
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again  becomes  stationary,  proving  that  the  gas  is   once  more  being  con- 
densed.   The  density  of  liquid  oxygen  has  been  found  to  be  0*9. 

The  phenomena  presented  by  the  jet  of  oxygen  when  viewed  by  the 
electric  light  showed  that  the  light  it  emits  was  partially  polarised,  indicating 
a  probable  transient  crystallisation  of  the  gas. 

For  hydrogen  the  gas  was  disengaged  by  heating  a  mixture  of  potassk 
formate  and  hydrate,  and  protoxide  of  nitrogen  was  used  instead  of  carboi^ 
acid,  by  which  the  temperature  could  be  reduced  to  — 140**  C.  When  the 
pressure  had  reached  650  atmospheres,  and  the  cock  was  opened,  a  sted* 
blue  jet  issued  from  the  aperture  with  a  brisk  noise.  This  suddenly  became 
intermittent,  and  resembled  a  shower  of  hailstones.  As  the  separate  granola 
struck  the  ground,  they  produced  a  loud  noise,  and  Pictet  considers  that  in 
all  probability  the  hydrogen  in  the  interior  was  frozen. 

In  some  later  experiments,  the  details  of  which  are  too  complicated  to 
reproduce  here,  Cailletet  has  produced  very  low  temperatures  by  the  use  al 
liquid  ethylene  gas.  This  gas  can  be  liquefied  by  a  pressure  of  45  atmo- 
spheres at  a  temperature  of  i^  By  promoting  the  evaporation  of  this  liquid 
by  passing  through  it  a  current  of  air  or  hydrogen  which  has  been  previooiiy 
cooled  by  the  rapid  evaporation  of  chloride  of  methyle,  the  temperatme  k 
easily  reduced  to  —  i2o^  When  oxygen  gas  is  cooled  to  this  temperatom 
the  application  of  pressure  is  sufficient  to  resolve  it  into  a  colourless,  tnmt> 
parent  liquid  sharply  separated  from  the  gas  by  a  meniscus. 

By  surrounding  the  gas  under  experiment  by  concentric  tubes  containiqf 
liquid  oxygen,  which  in  turn  is  surrounded  by  liquid  ethylene,  OlszewiU 
obtained  temperatures  low  enough  to  solidify  nitrogen,  carbonic  oxide,  mani 
gas,  and  nitric  oxide.  The  evaporation  of  solid  nitrogen  under  a  pressoA 
of  4"»"»  produces  a  temperature  of  —225°. 


MIXTURE  OF  GASES  AND  VAPOURS. 

383.  iMwm  of  the  mixture  of  rases  ana  Taponrs. — Every  mixtiirecfa 
gas  and  a  vapour  obeys  the  two  following  laws  : — 

I .  The  pressure,  and,  consequently,  the  quantity,  of  vapour  which  saturtki 
a  given  space  are  the  same  for  the  same  temperature,  whether  this  space  tHh 
tains  a  gas  or  is  a  vacuum, 

I I.  The  pressure  of  the  mixture  of  a  gas  and  a  vapour  is  equal  to  thesMM 
of  the  pressures  which  each  would  possess  if  it  occupied  the  same  space  al^iL 

These  are  known  as  Dalton^s  laws,  from  their  discoverer,  and  arc  de» 
monstrated  by  the  following  apparatus,  which  was  invented  by  Gay-Lussac:— 
It  consists  of  a  glass  tube  A  (fig.  331),  to  which  two  stopcocks,  b  and  i^  ait 
cemented.  The  lower  stopcock  is  provided  with  a  tubulure  which  conoedl 
the  tube  A  with  a  tube  B  of  smaller  diameter.  A  scale  between  the  twt 
tubes  serves  to  measure  the  heights  of  the  mercurial  columns  in  these  tnbeib 

The  tube  A  is  filled  with  mercury,  and  the  stojxrocks  b  and  d  arc  ck)9dL 
A  glass  globe  M,  filled  with  dr>'  air  or  any  other  gas,  is  screwed  on  li]  iiiiiMl 
of  a  stopcock  in  the  place  of  the  funnel  C.  All  three  stopcocks  arc  tboi 
opened,  and  a  little  mercury  is  allowed  to  escape,  which  is  replaced  by  ikt 
dry  air  of  the  globe.     The  stopcocks  are  then  closed,  and  as  the  air  in  the 
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expajui&  on  Icavmg  the  globe^  the  pressure  on  it  is  less  than  that  of 

ike  al]iios{]lkere.     Mercury  is  accordingly  poured  into  the  tube  B  until  it  ts 

M  die  lame  IicipcI  in  both  tubes*    The  globe  is  then  removed,  and  replaced 

bf  the  tanel  C,  provided  with  a  stopcock  ^  of  a  peculiar  construction^    It  is 

MC  peffefmteid^  but  has  a  small  cavity,  as  represented  in  n^  on  the  left  of  the 

Some  of  the  hquid  to  be  vaporised  is 

ajo  C.  ;ind  the  height  of  the  mercury', 

i.a*nng  be*  the  stopcock  b  is  opened, 

fai  m  tnracri  :  i  its  cavity  becomes  filled 

h  iqvid;    being   again    turned,  the    liquid 

'^tk  fll€  ipace  A  and  vaporises.     The  liquid 

i3nw«d  to  fail  drop  by  drop  until  the  air  in 

cnbc  U  saturated,  which  is  the  case  when 

irtrl  jlof  the  mercury  ceases  to  sink  (353). 

Sx  tbc  tei^ion  of  the  vapour  produced  in 

^  flpacr  A  is  added  to  that  of  the  air  already 

HMsity  ihie  total  volume  of  gas  is   increased. 

\um$  ea^y  be  restored  to  its  original  volume 

If  poirnii^  menctiry  into  B,  When  the  mercury 

%iim  1»S*  tiabe  has  been  raised  to  the  level  4 

4sf  is  A  (liflerence  Be?  in  the  level  of    the 

ttscnry  ia  the  two  tubes,  which  obviously  re- 

pvstti  the  pressure!  of  the  vapour  ;  for  as  the 

iv  te»  ftaugwi  its  original  %x»lume,  its  pressure 

ImboI  cbjunjr^.     Now,  if  a  few  drops   of  the 

^am  i^nSd  be  passed  into  the   vacuum  of  a 

hnoKtfic  tube,  a  deptession  exactly  equal  to 

^  m  prodttCttt  which   proves  that,   for    the 

ABB  lanyo^inre^  the  pressure  of  a  saturated 

^^RV  b  the  same  in  a  gas  as  in  a  vacuum  : 

iiB  «hkh  If  is  concluded  that  at  the  same 

^feaiase  the  qtaantity  of  mpour  is  also  the 

The  teecMul  law  is  likewise  proved  b>'  this 
wygiiuicat^  fott  when  the  mercury  has  regained  its  level*  the  mixture 
^^PiaU  ths  atmospheric  pressure  on  the  lop  of  the  column  B,  m  addition 
%iit  vciishl  of  the  column  of  mercur>'  Uo,  But  of  these  two  pressures, 
^  icp«sa)fA  th-at  of  the  dr>'  air,  and  the  other  that  of  the  vapour.  The 
•owi  bw  ii,  fooreover,  a  necessary  consequence  of  the  first 

Lxpcxteeoei  emu  only  Ijc  made  with  this  apparatus  at  ordinary  tempera- 
fc^:  bnl  itq^tth,   by  means    -^  an   apparatus  which   can    be  used   at 
ipetuures,  investigated  the  tensions  of  the  vapours  of  water, 
" '  !  of  cufbon,  and  beniole^  both  tn  a  vacmim  and  in  air.     He 
i  thiitJie  loiftioo  in  air  is  less  than  it  is  in  a  vacuum,  but  the  differences 
\  ooC  to  inviUidate  Dalton's  law.     Rcgnault  was  even  inclined  to 
thb  Uw  *A  theorcticaUy  true,  attribufing  the  diflfcrcnces  which  he 
t  ill  the  hygroscopic  properties  of  the  sides  of  the  tubes. 
^L^  9»«M«iMS  OB  sBtistttrea  of  %%m%m  mod  Trnpotini.— i.  A  volume*  of 
\Mm  V,  aft  the  presMire  H,  being  given,  what  sv  ill  be  its  volume  \\  when 
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it  is  saturated  with  vapour,  the  temperature  and  the  pressure  remaining  the 
same? 

If  F  be  the  elastic  force  of  the  vapour  which  saturates  the  air,  the  latter, 
in  the  mixture,  only  supports  a  pressure  equal  to  H  —  F  (381).  But  by  Boyle^s 
law  the  volumes  V  and  W  are  inversely  as  their  pressures,  consequently 

V'-     W-     whence   V-  ^^ 

it  Let  V  be  a  given  volume  of  saturated  air  at  the  pressure  H,  and  tlie 
temperature  / ;  what  will  be  its  volume  V^,  also  saturated,  at  the  pressure  H' 
and  the  temperature  f  ? 

If/  be  the  maximum  tension  of  aqueous  vapour  at  /°,  and  /^  its  maxi* 
mum  tension  at  /^,  the  air  alone  in  each  of  the  mixtures  V  and  V  will  bt 
respectively  under  the  pressures  H— /and  H'-/';  consequently,  assnmmf 
first  that  the  temperature  is  constant,  we  obtain 

Y!    H  -/  - 

v"h'-/' 

But  as  the  volumes  V  and  V  of  air,  at  the  temperatures  f  and  /,  are  in  tht  „. 
ratio  oi  i-¥af  Xo  I  ■¥  at^  a  being  the  coefficient  of  the  expansion  of  air,  the  ^ 
equation  becomes  _^ 

V^    H  -/     \^af 

iii.  What  is  the  weight  P  of  a  volume  of  air  V,  saturated  with  aqoeooi 
vapour  at  the  temperature  /  and  pressure  H  ? 

If  F  be  the  maximum  pressure  of  the  vapour  at  /%  the  pressure  rf     ^ 
the  air  alone  will  be  H  —  F,  and  the  problem  reduces  itself  to  finding :  ill> 
the  weight  of  V  cubic  inches  of  dry  air  at  /,  and  under  the  pressure  H-F; 
and  2nd,  the  weight  of  V  cubic  inches  of  saturated  vapour  at  /°  under  tht     - 
pressure  F. 

To  solve  the  first  part  of  the  problem,  we  know  that  a  cubic  inch  of  dif 
air  at  o®  and  the  pressure  760  millimetres  weighs  0*31  grain,  and  that  at /*f 

and  the  pressure  H  -  F,  it  weighs  ?J-li_^^IL^  (332),  consequently  V  cnbic 

inches  of  dry  air  weigh 

(I  -^ti/)  760 

To  obtain  the  weight  of  the  vapour,  the  weight  of  the  same  volume  flf 
dry  air  at  the  same  temperature  and  pressure  must  be  sought,  and  thb  bto 
be  multiplied  by  the  relative  density  of  the  vapour.     Now  as  V  cubic  incto 

of  dry  air  at  /°,  and  the  pressure  F,  weigh   ?.?L*L_  _,  V"  cubic  inches  rf 

(I  +a/)  760 

aqueous  vapour,  whose  density  is  |  that  of  air  (385),  weigh 


031  xVF  ^5 


X  • 


(I  +  a/)  760     5       ' 

and  as  the  weight  P  is  equal  to  the  sum  of  the  weights  (i)  and  (2)  we 

o-3i^xV(H-F)      0-3IXVF      5^    o-3ixV    ,„_,p. 
l\^ahi(M~     (I  +  a/)  760    8     (I  +  a/)  760^        *    ^' 
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SPHEROIDAL  CONDFTION, 

jS>  X^idaafk^osTii  pbeaomenA, — BoaUirnjr's  cxperiikieiita.^When 
iqoids  m  thrown  upon  incandescent  metal  surfaces  they  present  remark- 
ilile  illieiiociiena,  which  were  first  observed  by  Leidenfrost  a  century  ago, 
ad  Ittve  been  named  after  their  discoverer.  They  have  since  then  been 
ttdifd  by  other  physicists,  and  more  cspeciaJly  by  Boutigny, 

FqiBTc  332  represents  an  interesting  method  of  illustrating  this.  F  is  a 
mtM  CDfi|ier  flask  which  is  heated  to  dull  redness  over  a  spirit  lamp,  and 
i  flail  ^niitity  of  boil- 
w^\m  watier  is  airefully 
a  cork  C 
loosely  fitted. 
Is  f«i|ioved,  and 
tii  ibart  time  steam  is 
mildly  with  such 
violeoce  as  to 
the  cork. 

%  tolerably 
Aiek  illvcr  or  platinum 
iib  li  h^itd  to  redness, 
^^   ^   \m\t  water,  pre- 

warmed,    is  Ttg,  n^^ 

y^ufi^tru  into  the  dish  by  means  of  a  pipette,  the  liquid  does  not  spread  itself 
■toR  Ibe  4libi  and  docs  not  moisten  it,  as  it  would  at  the  ordinary  tempera- 
te* bvt  aeewoes  the  form  of  a  flattened  globule,  which  fact  Boutigny  ex- 
fiBi^  by  laying  that  it  has  passed  into  the  spheroidal  state.  It  rotates 
BifiAy  rpond  on  the  bottom  of  the  dish,  taking  sometimes  the  form  of  a  star, 
^  act  only  docs  it  not  boil^  but  its  evaporation  is  only  about  one-fiftieth 
^Wfd  as  iif  it  boiled.  As  the  dish  cools,  a  point  is  reached  at  which  it  is 
Mliniciioatgh  to  keep  the  water  in  the  spheroidal  state  ;  it  is  accordingly 
■Mae^  by  the  liquid,  and  a  violent  ebullition  suddenly  ensues. 

JUI  irviiadie  liquids  can  assume  the  spheroidal  condition  ;  the  lowest 
Nfeniaire  at  which  it  can  be  produced  varies  with  each  liquid,  and  is 
itatt  devaled  ibe  higher  the  boiling  point  of  the  liquid.  For  water,  the 
temat  have  at  least  a  temperature  of  200'^  \  for  alcohol,  134° ;  and  for 

Tke  ifinpgiatw^  of  a  liquid  in  the  spheroidal  state  is  always  below  its 
Usf  gttBt*  Hiii  temperature  has  been  measured  by  Boutigny  by  means 
#1  toy  iSelicaue  thermometer  ;  but  bis  method  is  not  free  from  objections^ 
iii  it  is  probable  that  the  temperatures  he  obtained  were  too  high.  He 
k^d  ttet  of  water  to  be  93°  ;  alcohol,  75"  ;  ether,  34"^ ;  and  liquid  sulphur- 
Hi  aod,  —  ll^«  Hut  the  temperature  of  the  vapour  which  is  disengaged 
l|pan  10  ba  aa  high  as  that  of  the  vessel  itself 

Ibif  property  of  liquids  in  the  spheroidal  state  remain  ii  their 

teii^  poiat  was  applied  by  Boutigny  in  a  remarkable  cs ,  u  that 

if  kmuio^  wat^  in  a  red -hot  crucible.  He  heated  a  pUurium  di»h  to 
^|[bI  fi^g^*fu  and  placed  a  small  quantity  of  liquid  sulphurous  acid  in  it. 
b  MBMHaiBly  aMiaated  the  spheroidal  condition,  and  its  evaporation  was 
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remarkably  slow.  Its  temperature,  as  has  been  stated,  was  about  —  1 1^  and 
when  a  small  quantity  of  water  was  added,  it  immediately  solidified,  and  a 
small  piece  of  ice  could  be  thrown  out  of  the  red-hot  crucible.  In  a  similar 
manner  Faraday,  by  means  of  a  mixture  of  solid  carbonic  acid  and  ethtfi 
succeeded  in  freezing  mercury  in  a  red-hot  crucible. 

In  the  spheroidal  state  the  liquid  is  not  in  contact  with  the  vessel 
Boutigny  proved  this  by  heating  a  silver  plate  placed  in  a  horizontal  po«tioo 
and  dropping  on  it  a  little  dark-coloured  water.  The  liquid  assumed  the 
spheroidal  condition,  and  the  flame  of  a  candle  placed  at  some  distance 
could  be  distinctly  seen  between  the  drop  and  the  plate  (fig.  333).  If  a  plate 
perforated  by  several  fine  holes  be  heated,  a  liquid  will  assume  the  spheroidal 

state  when  pro- 
jected upon  it 
This  is  also  the 
case  with  a  flat 
helix    of    plati« 
num         wire 
pressed   into  a 
slightly  coDcaie 
shape.     An  ex- 
periment of  an* 
other  class,  doe 
to  Prof.  Chiuth, 
^'^K-saa  also     illustratet 

the  same  fact  A  polished  silver  dish  is  made  red-hot,  and  a  few  dropi 
of  a  solution  of  sulphide  of  sodium  are  projected  on  it  The  liquid  passei 
into  the  spheroidal  condition,  and  the  silver  undergoes  no  alteration.  M 
if  the  dish  is  allowed  to  cool,  the  liquid  instantly  moistens  it,  produdo;  a 
dark  spot,  due  to  the  formation  of  sulphide  of  silver.  In  like  mamicr 
nitric  acid  assumes  the  spheroidal  state  when  projected  on  a  heated  sihrcr 
plate,  and  does  not  attack  the  metal  so  long  as  the  plate  remains  hot 

An  analogous  phenomenon  is  observed  when  potassium  is  placed  ott 
water.  Hydrogen  is  liberated,  and  bums  with  a  yellow  flame;  hydrate  of 
potassium,  which  is  formed  at  the  same  time,  floats  on  the  surface  witbort 
touching  it,  owing  to  its  high  temperature.  In  a  short  time  it  cools  do«i 
and  the  globule  coming  in  contact  with  water,  bursts  with  an  explosion. 

Similarly,  liquids  may  be  made  to  roll  upon  liquids,  and  solid  bocto 
which  vaporise  without  becoming  liquid  also  assume  a  condition  analogoei 
to  the  spheroidal  state  of  liquids  when  they  are  placed  on  a  surface  whole 
temperature  is  sufficiently  high  to  vaporise  them  rapidly.  This  is  seen  whd 
a  piece  of  carbonate  of  ammonium  is  placed  in  a  red-hot  platinum  cnidblfr 
The  phenomena  of  the  spheroidal  state  seem  to  prove  that  the  liqirii 
globule  rests  upon  a  sort  of  cushion  of  its  own  vapour,  produced  by  the  heit 
radiated  from  the  hot  surface  against  its  under  side.  As  fast  as  this  vipoiff 
escapes  from  under  the  globule,  its  place  is  supplied  by  a  fresh  quantit| 
formed  in  the  s.ime  way,  so  that  the  globule  is  constantly  buoyed  upby  il| 
and  does  not  come  in  actual  contact  with  the  heated  surface.  Wlien, 
ever,  the  temperature  of  the  latter  falls,  the  formation  of  vapour  at  the 
surface  becomes  less  and  less  rapid,  until  at  length  it  is  not  sufficient  to  pie- 


i«Ht  die  glotmle  touching  the  hot  metal  or  liquid  on  which  it  rests.  As  soon 
occufs,  heat  is  rapidly  imparted  lo  the  globule,  it  enters  into  ebul- 
Mmt  and  <|iikkly  boils  away. 

Tbm  ccplamrion  is  contirmed  by  the  experiments  of  Budde,  who  found 
tlial  tn  mn  eadymsted  receiver  water  passes  into  the  spheroidal  state,  even 
liCB  the  Eempecmture  of  the  support  is  not  more  than  SaP  or  90^  ;  for  then 
tetifiom^  lias  only  to  support  the  drop,  and  not  the  atmospheric  pressure  also. 
These  cjcpcriments  on  the  spheroidal  stale  explain  the  fact  that  the  hand 
My  be  dipped  into  melted  leadj  or  even  melted  iron,  without  injury*  It  is 
Trrriir  y  that  tlie  liquid  metal  be  heated  ^^eatly  above  its  soltdif>ing  point. 
Itarfly  the  natural  moisture  of  the  hand  is  sufficient,  but  it  is  better  to  wipe 
iwiih  a  damp  cloth*  In  consequence  of  the  great  heat  the  hand  becomes 
m^th  a  layer  of  spheroidal  fluid,  which  prevents  the  contact  of  the 
mnl\  ihe  hand.  Radiant  heat  alone  operates,  and  this  is  principally 
m  forming  aqueous  vapour  on  the  surface  of  the  hand.  If  the 
b  ttnmersed  m  tK>iling  water,  the  water  adheres  to  the  flesh,  and  con- 
a  scald  is  produced* 
the  tales  of  ordeals  by  fire  during  the  middle  ages,  of  men  who  could 
IB lant*lboted  over  red-hot  iron  without  being  injured,  are  possibly  true  in 
and  would  find  an  explanation  in  the  preceding  phenomena. 

tiENSlTV  OF  VAPOURS. 

&aMBfi's  metbad.— ^The  demiiy  of  a  vapour  is  the  relation 
the  weight  of  a  given  volume  of  this  vapour  and  that  of  the  same 
of  air  ai  the  same  temperature  and 


Two  methods  principally  are  used  in  dctcr- 
^■m  the  density  of  vapours :  Gay*Lu5sac'$, 
^kh  icrres  for  liquids  tliat  boil  at  about  too", 
^  Damai^,  which  can  be  used  up  to  350'. 

Tim.  114  represents  the  apparatus  used  by 
Ciy^Lossac     It  consists  of  an  iron  vessel  con- 
^         Qterairy,   in    which   there    is  a    glass 
M.     This  ts  filled  with  water  or  oil, 
omipcTature  is  indicated  by  the  ther- 
T.     In  the  interior  of  the  cylinder  is 
^ftidnted  eas  >tf  C,  which  at  first  is   filled 


The 


IJ^piid  whose  vapour  density  is  to  be 
k  placed  in  a  small  glass  bulb  .\, 
oo  the  left  of  the  figure*  The  bulb 
and  wdghed  ;  the  weight  oi  the 
is  obviously  the  weight  of  tlie  bulb 
nttmis  its  weight  while  empty.  The 
bltrodiiced  into  the  jar  C,  and  the 
If  i^Bdi-  "  unewhat  higher 

boDtog  ;  ,jid  in  the  bulb, 

of  Uifi  cApansion  of  this  liquid  the  bulb  breaks,  and  the 
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liquid  becoming  converted  into  vapour,  the  mercury  is  depres 
aented  in  the  figure.  The  bulb  must  be  so  small  that  all  the 
vaporised*  The  volume  of  the  vapour  is  given  by  the  graduatj 
Its  temperature  is  indicated  by  the  thermometer  T,  and  th 
shown  by  the  diflference  between  the  height  of  the  baromete 
of  the  observation  and  the  height  of  the  column  of  mercury  ii 
It  is  only  necessar>^  then  to  calculate  the  weight  of  a  volunw 
to  that  of  the  vapour  under  the  same  jconditions  of  temperature 
The  quotient,  obtained  by  dividing  the  weight  of  the  vapour  I 
air,  gives  the  required  density  of  the  vapour* 

Let  /  be  the  weight  of  the  vapour  in  grains,  v  its  volume  in 
and  t  its  temperature  ;  if  H  be  the  height  of  the  barometer, 
the  mercury  in  the  gas  jar,  the  pressure  on  the  vapour  will  be  i 

It  is  required  to  find  the  weight/'  of  a  volume  of  air  v^  al 
turc  /,  and  under  a  pressure  H  —  A.  At  zero,  under  a  pressure 
metres^  a  cubic  inch  of  air  weighs  0-31  grain  ;  consequent! 
same  conditions,  v  cubic  inches  will  weigh  0-312/  grains,  i 
the  weight  of  v  cubic  inches  of  air,  at  i^  and  the  pressure  760  j 

Y^  gram  [332,  pn 

As  the  weight  of  a  vol 
proportional  to  the  pre^su 
weight  may  be  reduced  to 

H^h    by   multiplying   by 

(l^ai)  760 

for  the  weight/'  of  the  vol 
under  the  pressure  H  -  A  au 
sequenlly,  for  the  desired  d< 

p*     o-3it/rH« 

3S7.  Soniiuui*»  mctlui 

has  materially  improve 
of  Gay-Lussac  by  having 
tube  fb^  in  which  the  va 
duced,  about  a  metre  in  Ichj 
it  is,  in  fact,  a  barometer,  ai 
is  formed  in  the  Torriccl 
This  tube  is  surrounded  by 
tube  *i,  which  is  connected,  \ 
<*,  with  a  canister  e^  so  that 
alcohol,  or  aniline,  or  ind 
stance  with  a  constant  boili 
be  distilled  through  the  tu 
vapour  issues  by  the   tube 


gives 


Fig.  3  .5. 


connected  with  a  condensing  arrangement  not  represented 


tnorc  constancy  in  the  temperatures  is  ensured  than  with  the  use 

flf  a  mercury*  bath.  The  liquid  is  contained  in  ver>'  minute  stoppered  tubes, 
Mf  holding  &i>m  20  to  100  milligrammes  of  water  ;  the  stoppers  come  out  in 
IliC  vaCBaait  and  the  tubes  can  be  used  over  and  over  again. 

ASf  Boder  the  above  conditions,  the  liquid  vaporises  into  a  vacuum,  the 
h  formed  under  a  very*  much  lower  pressure  than  that  of  the  atmo- 
and  therefore  at  a  temperature  much  below  its  ordinar>'  boiling  point. 
Tkix%  iht  rapour-density  of  a  body  which  only  boils  at  a  temperature  of 
l§0^  c:ati  be  determined  at  the  temperature  of  boiling  water.  This  is  of  g^reat 
me  m  the  case  of  those  bodies  which  decompose  at  their  boiling  point 
ader  the  ordinar)'  atmospheric  pressure. 

jUL  Wmmmm*  mctliod.— The  original  method  of  Gay-Lussac  cannot  be 
Implied  to  liquids  whose  boiling  point  exceeds  1 50°  or  160^.  In  order  to  raise 
tWoil  in  tlic  cylinder  to  this  temperature  it  would  be  necessary  to  heat  the 
wmcuiy  to  such  a  degree  that  its  vapour  would  be  dangerous  to  the  operator. 
Aad,  moreover^  the  pressure  of  the  mercurial  vapour  in  the  graduated  jar 
add  itself  to  that  of  the  vapour  of  the  liquid,  and  so  far  vitiate  the 

Tbc  ioUoming  method,  devised  by  Dumas,  can  be  used  up  to  the  tem- 
Hure  iU  which  glass  begins  to  soften  ;  that  is,  about  400°.  A  glass 
km  m  toed  with  the  neck  dra^^n  out  to  a  fine  point  (Bg.  336).  The  globe, 
been  dried  externally  and  internally,  is  weighed,  the  temperature  / 
tMriMDetric  height  A  being  noted*  This  weight,  W,  is  the  weight  of  the 
i  G  in  addition  to  /,  the  weight  of  the  air  it  contains.  The  globe  is 
(  tftsttly  warmed  and  its  point  immersed  in  the  liquid  whose  vapour- 
10  be  determined  :  on  cooling,  the  air  contracts,  and  a  quanlit)' 
tf  hfiA  CBters  the  globe.  The  globe  is  then  immersed  in  a  bath,  either 
tf  «il  or  Ikiible  metal,  according  to  tlie  tempera- 
tot  fti  wlilcJl  it  if  to  be  raised.  In  order  to  keep 
it  fMie  m  a  vertical   position  a  metal  support^ 

•  wlbdi  m  movable  rod  slides,  is  fixed  on   the 
■At  pt  tJic  ^^sseL     This  rod  has  two  rings,  be- 

witicli  the  globe  is  placed,  as  shown  in  the 
There  h  another  rod,  to  which  a  weight 
tca^,  D  (324 1,  is  attached. 
Tkc  gtolie  and  thermometer  having  been  im- 
in  tlie  bath,  the  latter  is  heated  until 
above  the  boiling  point  of  the  Hqutd  in 
^  fkbe.  Tbe  vapour  which  passes  out  by  the 
l«"»t  expels  all  ibc  air  in  the  interior*  When 
^js  oif  y^pouit  ceases,  which  is  the  case  when 
^  fie  fi^fuid  lia»  been  converted  into  vapour,  the 
^H  ut  ibc  globe  is  hermetically  sealed,  the 
^|j«iaiwe  of  the  bath  /^,  and  the  barometrii 
^|^  i  When  the  globe  is  cooled 

*  m  ca^  '  and  again  weighed^  This 
^tJlJbl,  VV  ;  i3  ti-it  tjf  the  glass  G,  plus/',  the  weight  of  the  vapour  which  tills 
^^fobc  ai  tbe  temperature  t^  and  pressure  A\  or  W'  ^  G  -f />'.  To  obtain 
^  vc^ltt  of  tbe  glass  alonet  the  weight  p  of  air  must  be  known,  which  is 
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dciermined  in  the  following  manner  : — The  point  of  the  jjlobe  is  placed  und< 
mercury  and  ihe  extremity  broken  off  with  a  small  pair  of  pincers :  Ui 
vapour  being  condensed,  a  vacuum  is  produced,  and  mercury  rushes  u| 
completely  filling  the  globe,  if,  in  the  experiment,  all  the  air  has  been  am 
pletely  expelled.  The  mercury*  is  then  poured  into  a  carefully  graduate 
measure,  which  gives  the  volume  of  the  globe.  From  this  result,  the  volmn 
of  the  globe  at  the  temperature  /'  may  be  easily  calculated,  and  consequenll 
the  volume  of  the  vapour.  From  this  determination  of  the  volume  of  tJ] 
globe,  the  weight/  of  the  air  at  the  temperature  /  arul  pressure  k  is  readil 
calculated,  and  this  result  subtracted  from  W  gives  G,  the  weight  of  tlj 
glass.  Now  the  weight  of  the  vapour/'  is  W'-G*  We  now  know  tl 
weight  p'  of  a  given  volume  of  vapwur  at  the  temperature  f  and  pressure  A 
and  it  is  only  necessary  to  calculate  the  weight  /"  of  the  same  volume  i 
air  under  the  same  conditions,  which  is  easily  accomplished.    l*be  qootlei 

^^  IS  the  required  density  of  the  vapour, 

Deville  and  Troost  modified  Dumas'  method  so  that  it  can  be  usied  fit 
determining  the  vapour-density  of  liquids  with  very  high  boiling  potoc 
The  globe  is  heated  in  an  iron  cylinder  in  the  vapour  of  mercury  or  i 
sulphur,  the  temperatures  of  which  are  conaiant  respectively  at  350®  and  44a 
In  other  respects  the  determination  is  the  same  as  in  Dumas*  method. 

For  detemiinations  at   higher  temperatures,  Deville  and   Troost  cq 
ployed  the  vapour  of  zinc,  the  temperature  of  which  is  1040^      As 
vessels  are  softened  by  this  heat,  they  used  porcelain   globes  with 
drawn-out  necks,  which  are  scaled  by  means  of  the  oxyhydrogcn  Jla4me. 

In  the  case  of  substances  having  a  high  boiling  pointy  Victor  Meyer  1 
advantageously  used  a  non-volatile  substance,  Wood's  fusible  aJloy» 
melts  at  70",  instead  of  mercu^)^     Habermann  has  introduced  into  Dn 
method,  Hofmann's  modification  of  Gay-Lussac's,  by  connecting  the 
end  of  the  vessel  B  (fig.  336)  with  a  space  in  which  a  partial  vacuum  is  1 
Thus  ihe  vapour-density  can  be  determined  for  temperatures  far  b- 
boiling  point.     Victor  Meyer  has  also  devised  a  method  which  dcf 
the  displacement  of  air, 

3S9.  BolAtlon  of  Tapoiir  dcBslt^  to  iBoloeuiftr  welglit.      l»l»«| 
li«a« — The  densities  of  vapours,  determined  at  temperatures  a  few  { 
above  their  boiling  points,  and  when  they  may  be  considered  as 
gases,  are  governed  by  a  simple  but  very  important  law,  that  M/ 
0/  vapours  are  propitrtt'onai  /i?  ihnr  maiecuiar  weights.     If  both  dc 
and  molecular  weights  are  referred  to  the  same  standard,  that  of  hy 
being  taken  as  2  for  instance,  the  vapour  densities  are  equal  ta  tk 
cuiar  wa^kts.     If  the  density  of  air  is  taken  at   I,  that  of  hydr 
0*0693  •^Vn»  **"^  hence  for  all  other  gases  and  superheated 
density  is  ^^^^  of  Uic  molecular  weight* 

This  law  is  of  great  importance  in  chemistry  and  tn  fixing  the 
weights  of  bodies,  more  especially  in  orgimic  chemistry.      In 
exceptions  are  met  with  ;  these,  when  small,  may  be  ascribed  to  im|j 
of  the  gaseous  state.    A  more  imjyvrtani  cause  is  the  following  :—\ 
ammoniac,  NH4CI,  for  instance,   is  strongly   heated,   tl   is   reso 
ammoni^u  N  H^  and  hydrochloric  acid,  HCl,  and  tn  that  case  it  > 
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volume  double  that  required  by  the  law.  But  there  is  a  partial  decomposi- 
tion even  at  temperatures  below  this,  so  that  the  vapour  consists  of  molecules ' 
of  sal-ammoniac,  mixed  with  molecules  of  free  hydrochloric  acid  and  of  free 
ammonia.  The  amount  of  decomposition  depends  on  the  temperature,  but 
for  the  same  temperature,  the  quantity  decomposed  is  in  a  constant  ratio  to 
that  temperature.  In  such  cases  the  vapour  density  is  said  to  be  abnormal', 
and  this  partial  decom[>osition,  in  which  there  is  a  mixture  of  undecomposed 
and  of  decomposed  molecules,  is  spoken  of  as  dissodation.  Thus,  sulphuric 
acid,  SO^H^  at  325°,  consists  of  one  half  undecomposed  molecules,  while  the 
(Xher  half  decomposes  into  sulphuric  anhydride,  SO,,  and  water,  H^O. 


Densities  of  Vapours, 

Air      ...         . 

I -0000 

Vapour 

of  carbon  bisulphide 

2-6447 

Vapour  of  water  . 

0*6225 

» 

phosphorus . 

43256 

„        alcohol 

1-6138 

» 

turpentine    . 

50130 

„        acetic  acid    . 

2-0800 

w 

sulphur 

66542 

„        ether    . 

2-5860 

»» 

mercury 

6*9760 

„        benzole 

27290 

r% 

iodine  . 

87160 

The  density  of  aqueous  vapour,  when  a  space  is  saturated  with  it,  is  at 
an  temperatures  |,  or,  more  accurately,  0*6225,  of  the  density  of  air  at  the 
ame  temperature  and  pressure. 

39a  melation  between   tbe  Tolume  of  a  liquid   and  tbat    of   Its 

n»oM, — The  density  of  vapour  being  known,  we  can  readily  calculate  the 
rttio  between  the  volume  of  a  vapour  in  the  saturated  state  at  a  given  tem- 
perature, and  that  of  its  liquid  at  zero.  We  may  take,  as  an  example,  the 
relatioQ  between  water  at  zero  and  steam  at  100°. 

The  ratio  between  the  weights  of  equal  volumes  of  air  at  zero,  and  the 
Mnnal  barometric  pressure,  and  of  water  under  the  same  circumstances,  is 
is  I  :  773.  But  from  what  has  been  already  said  (332),  the  density  of 
i^at  zero  is  to  its  density  at  100°  as  i  +«/  :  i.  Hence  the  ratio  between 
'^  weights  of  equal  volumes  of  air  at  100°  and  water  at  0°  is 

— \t :  m^  or  073178  :  ^^l, 

I  -h  0-003665  X  100 

Now  from  the  above  table  the  density  of  steam  at  100°  C,  and  the 
^'smal  pressure,  compared  with  that  of  air  under  the  same  circumstances, 
3asor62225  :  i.  Hence  the  ratio  between  the  weights  of  equal  volumes  of 
^^tam  at  100°  and  water  at  0°  is 

073178  X  0-6225  :  773,  or  o'4555  :  IIZ^  «»*  »  :  1^98. 

Therefore,  as  the  volumes  of  bodies  are  inversely  as  their  densities,  one 
'^one  of  water  at  zero  expands  into  1698  volumes  of  steam  at  100°  C. 
^  praaical  rule,  that  a  cubic  inch  of  water  yields  a  cubic  foot  of  steam, 
'^^  not  quite  accurate,  expresses  the  relation  in  a  convenient  form. 
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CHAPTER  VI. 

HYGROMETRY. 

391.  FroTlaoe  ofliyffroiiietry. — The  province  oihygrtmutry  is  to  deter- 
mine the  quantity  of  aqueous  vapour  contained  in  a  given  volume  of  air 
This  quantity  is  very  variable  ;  but  the  atmosphere  is  seldom  or  nevei 
completely  saturated  with  vapour,  even  in  our  climate.  Nor  is  it  ever  com- 
pletely dry  ;  for  if  hygrometric  substances — that  is  to  say,  substances  with  j 
great  affinity  for  water,  such  as  chloride  of  calcium,  sulphuric  acid,  &c — be 
at  any  time  exposed  to  the  air,  they  absorb  aqueous  vapour. 

392.  Syrrometiio  state. — As,  in  general,  the  air  is  never  saturated,  the 
ratio  of  the  quantity  of  aqueous  vapour  actually  present  in  the  atmosphere 
to  that  which  it  would  contain  if  it  were  saturated,  the  temperature  remain* 
ing  the  same,  is  called  the  hygrometric  state^  or  degree  ofsaturatian. 

The  absolute  moisture  is  measured  by  the  weight  of  water  actually  presoi' 
in  the  form  of  vapour  in  the  unit  of  volume. 

We  say  the  *  air  is  dry '  when  water  evaporates  and  moist  objects  dr 
rapidly  ;  and  the  *  air  is  moist '  when  they  do  not  dry  rapidly,  and  wlw 
the  least  lowering  in  temperature  brings  about  deposits  of  moisture.     T) 
air  is  dry  or  moist  according  as  it  is  more  or  less  distant   from  its  poi 
of  saturation.     Our  judgment  is,  in  this  respect,  independent  of  the  absoli 
quantity  of  moisture  in  the  air.     Thus,  if  in  sunmier,  at  a  temperature 
25°  C,  we  find  that  each  cubic  metre  of  air  contains  13  grammes  of  vap< 
we  say  it  is  very  diy,  for  at  this  temperature  it  could  contain  22*5  gramo 
If,  on  the  other  hand,  in  winter  we  find  that  the  same  volume  contaii 
grammes,  we  call  it  moist,  for  it  is  nearly  saturated  with  vapour,  and 
slightest  diminution  of  temperature  produces  a  deposit.     When  a  roo 
warmed,  the  quantity  of  moisture  is  not   diminished,  but  the   humidi 
the  air  is  lessened,  because  its  point  of  saturation   is   raised.      Th< 
may  thus  become  so  dry  as  to  be  injurious  to  the  health,  and  hence 
usual  to  place  vessels  of  water  on  the  stoves  used  for  heating  in  Franc 
Germany. 

As  Boyle's  law  applies  to  non-saturated  vapours  as  well  as  to  gases 
it  follows  that,  with  the  same  temperature  and  volume,  the  weight  of' 
in  an  unsaturated  space  increases  with  the  pressure,  and  therefor 
the  pressure  of  the  vap>our  itself.     Instead,  therefore,  of  the  ratio 
quantities  of  vapour,  that  of  the  corresponding  pressures  may  be  sub! 
and  it  may  be  said  that  the  hygrometric  state  is  the  rcUio  of  tk 
force  of  the  aqueous  vapour  which  the  air  actually  contains^  to  tk 
force  of  the  vapour  which  it  would  contain  at  the  same  temperat 
were  saturated, 

Iff'is  the  actual  pressure  of  aqueous  vapour  in  the  air,  and  F  ihj 
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»i  tapoisr  ai  ibe  same  lempcrature,  and  E  the  hygromelric  state,  we  have 

►  L  ;  wbence/-  F  k  E. 

As  m  conseqaence  of  this  second  definition,  h  is  impKjrtant  to  notice  that, 
teropemture  ha^-ing  varied,  the  air  may  contain  the  same  quantity  of 
OCT  aiid  yet  not  have  the  same  hygrometnc  slate.  For,  when  the  tem- 
Iture  nscs,  the  tension  of  the  \'apour  which  the  air  would  contain,  if  satu- 
jd,  iocrea^es  more  rapidly  than  the  tension  of  the  vapour  actually  present 
be  UBM»phere,  and  hence  the  ratio  between  the  rw  o  forces^ — that  is  to  say, 
liygrQOietric  state— becomes  smaller. 

fimsxi   propoises  to   replace  this  ratio  ^,  which  expresses  the  relative 


by  the  ratio  q-^— ^  in  which  H  is  the  barometric  height ;  he  calls 


^^kygr^muiric  richness^  and  contends  that  it  brings  out  changes  in  the 
^0  oif  iiii»stiire  present  in  the  air  with  greater  distinctness, 
IR^  presently  be  explained  (401)  how  the  weight  of  the  vapour,  con- 
led  in  a  given  volume  of  air,  may  be  deduced  from  the  hygrometric  state* 
y^y  9ifliBNiit  kinds  of  byrrometer*. — Hygrometers  are  instruments 
anaaorixig  tlic  hygrometric  state  of  the  air.  There  are  numerous  varieties 
IbtBi  -chemical  hygrometers,  condensing  hygrometers,  and  psych rometers. 
IH*  OlMaiieal  bjsTom«t«r. — The  method  of  the  chemical  hygrometer 
■^ta  in  pairing  a  known  volume  of  air  over  a  substance  which  readily 
ivba  iaofisittre--cb]oride  of  calcium,  for  instance.  The  substance  having 
Ba  wni^icd  before  the  passage  of  air,  and  then  afterwards,  the  increase 
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t  fCpesetits  the  amount  of  aqueous  vapour  present  in  the  atr.    By 
rbf  file  apporalus  represented  in  fig^  337*  tt  is  possib!*?  to  esitamine  any 
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given  volume  of  air.  Two  brass  reservoirs,  A  and  B,  of  the  same  size  and 
construction,  act  alternately  as  aspirators,  by  being  fixed  to  the  same  axis, 
about  which  they  can  turn.  They  are  connected  by  a  central  tubulure,  and 
by  means  of  two  tubulures  in  the  axis  the  lower  reservoir  is  always  in  con- 
nection with  the  atmosphere,  while  the  upper  one,  by  means  of  a  caoutchouc 
tube,  is  connected  with  two  tubes  M  and  N,  filled  either  with  chloride  of 
calcium,  or  with  pumice-stone  impregnated  with  sulphuric  acid.  The  first 
absorbs  the  vapours  in  the  air  drawn  through,  while  the  other,  M,  stops  any 
vapour  which  might  diffuse  from  the  reservoirs  into  the  tube  N. 

The  lower  reservoir  being  full  of  water,  and  the  upper  one  of  air,  the 
apparatus  is  inverted  so  that  the  liquid  flows  slowly  from  A  to  B.  A  vacuum 
being  formed  in  A,  air  enters  by  the  tubes  NM,  in  the  first  of  which  all  the 
vapour  is  absorbedu  When  all  the  water  is  run  into  B  it  is  inverted ;  the 
same  flow  recommences,  and  the  same  volume  of  air  is  drawn  through 
the  tube  N.  Thus,  if  each  reservoir  holds  a  gallon,  for  example,  and  the 
apparatus  has  been  turned  five  times,  6  gallons  of  air  have  traversed  the 
tube  N,  and  have  been  dried.  If  then,  before  the  experiment,  the  tube  with 
its  contents  has  been  weighed,  the  increase  of  weight  gives  the  weight  of 
aqueous  vapour  present  in  6  gallons  of  air  at  the  time  of  the  experiment 

Edelmann  has  devised  a  new  form  of  hygrometer,  the  principle  of  whidi 
is  to  enclose  a  given  volume  of  air,  and  then  to  absorb  the  aqueous  vapour 
present  by  means  of  strong  sulphuric  acid ;  in  this  way  a  diminution  in  the 
pressure  is  produced  which  is  determined,  and  which  is  a  direct  measure  of 
the  tension /of  the  aqueous  vapour  previously  present 

Similar  apparatus  have  been  devised  by  RudorfT  and  Neesen. 

395.  Condenslnff  liyrrometers. — When  a  body  gradually  cools  in  a 
moist  atmosphere — as,  for  instance,  when  a  lump  of  ice  is  placed  in  water 
contained  in  a  polished  metal  vessel — the  layer  of  air  in  immediate  contact 
with  it  cools  also,  and  a  point  is  ultimately  reached  at  which  the  vapour 
present  is  just  sufficient  to  saturate  the  air  ;  the  least  diminution  of  tempera- 
ture then  causes  a  precipitation  of  moisture  on  the  vessel  in  form  of  dew. 
When  the  temperature  rises  again,  the  dew  disappears.  The  mean  of  these 
two  temperatures  is  taken  as  the  dew-pointy  and  the  object  of  condensing 
hygrometers  is  to  observe  this  point.  DanielPs  and  Regnault's  hygrometcn 
belong  to  this  class. 

396.  9aiilell's  liyrrometar. — This  consists  of  two  glass  bulbs  at  tbe 
extremities  of  a  glass  tube  bent  twice  (fig.  338).  The  bulb  A  is  two-thirds  fuD 
of  ether,  and  a  very  delicate  thermometer  plunged  in  it ;  the  rest  of  the 
space  contains  nothing  but  the  vapour  of  ether,  the  ether  having  been 
boiled  before  the  bulb  B  was  sealed.  The  bulb  B  is  covered  with  muslin 
and  ether  is  dropped  upon  it  The  ether  in  evaporating  cools  the  bulb,  and 
the  vapour  contained  in  it  is  condensed.  The  internal  pressure  being  thus 
diminished,  the  ether  in  A  forms  vapour  which  condenses  in  the  other  bulb  B. 

In  proportion  as  the  liquid  distils  from  the  lower  to  the  upper  bulb,  the  ether    — 
in  A  becomes  cooler,  and  ultimately  the  temperature  of  the  air  in  immediate 
contact  with  A  sinks  to  that  point  at  which  its  vapour  is  more  than  sufficient 
to  saturate  it,  and  it  is,  accordingly,  deposited  on  the  outside  as  a  ring  of  de«     " 
corresponding  to  the  surface  of  the  ether.     The  temperature  of  this  point  b 
noiedby  means  of  the  thermometer  in  the  inside.    The  addition  of  ether  to 
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At  bttib  B  U  Ihen  discontinued,  the  temperature  of  A  rises  and  the  tempera- 
Wct  ai  wbtcfa  the  dew  di^ppears  is  noted.     In  order  to  render  the  deposition 
«l  dew  mare  perceptible,  the  bulb  A  is 
«^  black  glass. 
TbeK  two  points  having  been  deter-  /'     m^ 

lilttr  mean  is  taken  as  that  of 
te  dew-fMioL  The  temperature  of  the 
m  at  ilie  time  of  the  experiment  is 
\ff  the  thermometer  on  the 
The  pressure  yj  corresponding  to 
Ik  tesip^tttttre  of  the  dew-point,  is  then 
fsBud  m  i^Btit  table  of  pressures  (358). 
'Ks  pressufe  is  exactly  that  of  the  va- 
fam  pfcsent  tn  the  air  at  the  time  of 
tie  expetvnient  The  pressure  F  of  va* 
poor  satitsated  at  the  temperature  of 
Ae  atfliospbere  is  found  by  means  of 
lie  nme  table ;  the  quotient  obtained 
If  difvldifiK  /  by  F  represents  the  hy- 
state  of  the  air  (392).  For 
the  temperature  of  the  air 
Ub|^  I$*,  s^uppose  the  dew*point  is  5*^. 
Fn«i  the  table  tiie  corresponding  pres^ 
mem  are  X*  6^534  miHimctres,  and 
F-t2'699  miltimctrejs  which  gives  0*514  Pig.  33^* 

iwtiic  fatso  6^/\o  F,  or  the  hygrometric  slate. 

TKcTc  are  maoy  sources  of  error  in  DanicU's  hygrometer.  The  principal 
mt  I  lit,  tJial  as  the  evaporation  in  the  bulb  A  only  cools  the  liquid  on  the 
Ibe  tbefsnometer  dipping  on  it  does  not  exactly  give  the  dew-point ; 
A  Ihe  observer  standing  near  the  instrument  modifies  the  hygromc- 
of  tlie  surrounding  air,  as  well  as  its  temperature  ;  the  cold  ether 
ilfO  flowing  from  the  vipper  bulb  may  cause  inaccuracy'. 
J97.  Upaiiaalt*!  lnyvTometeT.— Kegnault's  hygrometer  is  free  from  the 
ci  error  incidental  to  the  use  of  Danieirs.  It  consists  of  two  very 
peUied  silver  thimbles  175  inch  in  height,  and  075  inch  in  diameter 
JJ9).  In  these  arc  6xed  two  glass  tubes,  D  and  £,  in  each  of  which  is 
ICT-  A  bent  tube^  A^  open  at  both  ends,  passes  through  the  cork 
lobe  D»  and  reaches  nearly  to  the  bottom  of  the  thimble.  There  is  a 
tibilR«4ai  tbe  side  of  D,  6tting  in  a  brass  tube  which  forms  a  support  for 
ikjppavatss.  The  end  of  this  tube  is  connected  with  an  aspirator  G.  The 
^  £  ia  not  connected  with  the  aspirator  ;  its  thermometer  simply  indicates 
%  liBiperBture  of  the  atmosphere. 

HMnbe  V  tt  then  half-linied  with  ether,  and  the  stopcock  of  the  aspirator 
%aid»  Tbe  water  contained  in  it  runs  out,  and  just  as  much  air  enters 
'Waagb  tbe  tobe  A,  bubbling  through  the  ether,  and  causing  it  to  evaporate. 
'^hk  eupofatioo  produces  a  diminution  of  temperature,  so  tliat  dew  is  de- 
taittd  00  tbe  ^Itrcr  just  as  on  the  bulb  in  UanieU's  hygrometer  ;  the  ther- 
^mdo  T  b  then  instantly  to  be  read,  and  the  stream  from  the  aspirator 
Tbe  dew  wiU  soon  disappear  again^  and  the  thermometer  T  is 
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calculating  the  hygrcK 
metric  staieu 

As  in  this  in&tm- 
ment  all  the  ether  is 
at  the  same  tempera* 
ture  in  consequence  oi 
ihc  agitation^  and  the 
temperatures  may  be 
read  off  at  a  distance  by 
means  of  a  telescope, 
the  sources  of  error  in 
Danieirs  hygrometer 
are  avoided. 

A  much  simpler 
form  of  the  apparatus 
may  be  constrocted 
out  of  a 

tube  containmg  a 
depth  of  1 1  inch  of 
I  her.  The  lobe  ti 
[•rovided  with  a  loosely 
fitting  cork  in  whkh  b 
a  delicate  thermomeier 
and  a  narrow  bent  tube  dipping  in  the  ether.  On  blowing  into  the  eftier, 
through  a  caoutchouc  lube  of  considerable  (cngth^  a  diminution  of  tcmpcnLtisre 
is  caused,  and  dew  is  ultimately  deposited  on  the  glass  :  after  a  little  practice 
the  whole  process  can  be  conducted  almost  as  well  as  with  Kegnaulfs  mofc 
complete  insirumenL  The  temperature  of  the  air  is  indicated  by  a  detached 
thermometer. 

397a.  9yiies*  tayfrometer. — Dynes  has  constructed  a  hygmtnecer which 
15  also  one  of  condensation,  but  which  dispenses  with  the  use  of  such  volatlile 
liquids  as  ether.  The  principle  of  this  instrument  is  to  have  a  thin  Aa 
metal  box,  through  which  a  small  stream  of  cooled  water  is  allowed  10  tkam 
for  a  few  seconds.  The  dew  is  deposited  on  the  top  of  the  box,  which  t>  <i 
thin  dark  polished  metal.  By  alternately  stopping  the  flow  and  allowing  ll 
to  continue,  the  disappearance  and  formation  of  the  dew  may  be  «*cry 
ratcly  observed,  and  the  corresponding  temperatures  read  off  by  a 
ihennomcter  placed  inside. 

39S.  Vayeliroiiieter.   "VTeWtittlbliyvToiiiefer.^- A  moist  body 
in  the  air  more  rapidly  in  proportion  as  the  air  is  drier,  and  Ihc 
of  the  body  sinks  in  consequence  of  this  e>'af3oralion.     The 
or  wei*bu!b  hygrometer^  is  based  on  this  prmcipic,  the  application  of 
to  this  purpose  was  first  suggested  by  Leslie,     The  form  usually  adupti 
tht*  country  is  due  to  Mason.     It   consists  of  two  delicate  thcj 
placed  on  a  wooiicn  stand  (.fig.  540).    One  of  the  bulbs  is  covered  with 
and  is  kept  continually  moist  by  being  connected  with  a  resisrvotr  oC 
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means  of  a  string.  Unless  the  air  is  saturated  with  moisture  the  wet-bulb 
Tmometer  always  indicates  a  lower  temperature  than  the  other,  and  the 
ference  between  the  indications  of  the  two  thermometers  is  greater  in  pro- 
rtion  as  the  air  can  take  up  more  moisture.  The  tension  e  of  the  aqueous 
XHir  in  the  atmosphere  may  be  calculated  from  the  indications  of  the  two 
Tmometers  by  means  of  the  following  empirical  formula  : — 

^-^—0*00077  (/-/,)^, 

vbich  e'  is  the  maximum  tension  corresponding  to  the  temperature  of  the 
L-bulb  thermometer,  h  is  the  barometric  height,  and  /  and  t  the  respective 
iperatures  of  the  dry  and  wet  bulb  thermometers.    If,  for  example,  A  -  750 
Jimctres,  /»  15°  C,  /'=  10°  C. ;  according  to  the  table  of 
ssares  (358),  ^- 9*165,  and  we  have 

/-9165- 0-00077  X  5  X  750-6*278. 

This  pressure  corresponds  to  a  dew-point  of  about  4*5°  C. 

the  air  had  been  saturated,  the  pressure  would  have  been 

699,  and  the  air  is  therefore  about  half  saturated  with 

istnre. 

This  formula  expresses  the  result  with  tolerable  accuracy, 

the  above  constant  0*00077  requires  to  be  controlled  for 
'crent  positions  of  the  instrument :  in  small  closed  rooms 
s  0x0128,  in  large  rooms  it  is  0*00100,  and  in  the  open 

without  wind  it  is  000090 :  the  number  0*00077  is  its 
oe  in  a  large  room  with  open  windows.  Regnault  found 
t  the  difference  in  temperature  of  the  two  bulbs  depends 

thtt  rapidity  of  the  current  of  air ;  he  also  found  that  at 
yw  temperature,  and  in  very  moist  air,  the  results  ob- 
sed  with  the  psychromcter  differed  from  those  yielded  by 

hygrometer.  It  is  probable  that  the  indications  of  the 
rchromcter  are  only  true  for  mean  and  high  temperatures, 
i  «ht:n  the  atmosphere  is  not  too  moibt. 

According  to  Glaisher  the  temperature  of  the  dew-point 
ty  be  obtained  by  multiplying  the  difference  between  the  f»K-  340. 

nperatures  of  the  wet  and  dry  bulb  by  a  constant  depend- 
\  on  the  temperature  of  the  air  at  the  time  of  observation,  and  subtracting 
5  product  thus  obtained  from  this  last-named  temperature. 

The  table  at  the  end  of  this  article  gives  the  numbers,  which  are  knowTi 

Giaiiktf's  factors. 

A  formula  frequently  used  in  this  countr>'  is  that  given  by  Dr.  Apjohn. 


r     d      h         ,, 
--^-8-8^30'^^' 


=/ 


d 
•96^ 
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which  d  is  the  difference  of  the  wet  and  dry  bulb  thermometers  in 
^enJuit  degrees  ;  k  the  barometric  height  in  inches  ;  /  the  pressure  of 
ipoor  for  the  temperature  of  the  wet  bulb,  and  F  the  pressure  of  vapour 
the  dew-point,  from  which  the  dew-point  may,  if  necessar>',  be  found  from 
c  tables.     The  constant  coefficient  88,  for  the  si)ecific  heats   of  air  and 
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aqueous  vapour,  is  to  be  used  when  the  reading  of  the  wet  bulb  is  above 
F.,  and  96  when  it  is  below. 


Dry  bulb 

Factor 

Dry  bulb 

Factoi 

Temperature  F.° 

8-5 

Temperature  F.® 

34  to  35 

Below  24** 

2-8 

24  to  25 

6-9 

35—40 

2*5 

25—26 

6-5 

40—45 

2-2 

26—27 

61 

45-50 

2-1 

27—28 

5-6 

50—55 

2*0 

28—29 

51 

55—60 

\l 

29-30 

4-6 

60—65 

30-31 

41 

65—70 

1-8 

31—32 

37 

70—75 

17 

32—33 

y3 

75-80 

17 

33—34 

3-0 

80—85 

1-6 

399.  AbsorptloB  liyffroiiMters. — These  hygrometers  are  based  on 
property  which  organic  substances  have  of  elongating  when  moist,  anc 
again  contracting  as  they  become  dry.  The  most  common  form  is  the  > 
or  Saussur^s  hygrometer. 

It  consists  of  a  brass  frame  (fig.  341),  on  which  is  fixed  a  hair,  ^  faste 
at  the  top  in  a  clamp,  a,  provided  with  a  screw,  d.  This  clamp  is  moved 
a  screw,  b.  The  lower  part  of  the  hair  passes  roan 
pulley,  ^,  and  supports  a  small  weight,  /.  On 
pulley  there  is  a  needle,  which  moves  along  a  grada 
scale.  When  the  hair  becomes  shorter  the  needle  rii 
when  it  becomes  longer  the  weight  /  makes  it  sink. 

The  scale  is  graduated  by  calling  that  point  len 
which  the  needle  would  stand  if  the  air  were  compkl 
dry,  and  100  the  point  at  which  it  stands  in  aircompld 
saturated  with  moisture.  The  distance  between  tb 
points  is  divided  into  100  equal  degrees. 

Kegnault  devoted  much  study  in  order  to  render 
hair  hygrometer  scientifically  useful,  but  without  no 
success.  The  utmost  that  can  be  claimed  for  it  is  thai 
can  be  used  as  a  hygroscope  ;  that  is,  an  instrument  whi 
shows  approximately  whether  the  air  is  more  or  li 
moist,  without  giving  any  indication  as  to  the  quantity 
moisture  present.  To  this  class  of  hygroscopes  beto 
the  chimney  ornaments,  one  of  the  most  common  fbn 
of  which  is  that  of  a  small  male  and  female  figure, 
arranged  in  reference  to  a  little  house,  with  two  doors,  tl 
when  it  is  moist  the  man  goes  out  and  the  woman  gc 
in,  and  vice  versd  when  it  is  fine.  They  are  founded  on  the  property  wbi 
twisted  strings  or  pieces  of  catgut  possess  of  untwisting  when  moist,  and 
twisting  when  dr>'.  As  these  hygroscopes  only  change  slowly,  their  i* 
cations  are  always  behindhand  with  the  state  of  the  weather  ;  nor  are  ^ 
moreover,  very  exact. 


Fig.  341. 
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40a  Kotstsreoftlie  atmospliere. — The  absolute  moisture  varies  with 
the  temperature  both  in  the  course  of  the  year  and  of  the  day.     In  sunmier 
there  is  a  maximum  at  eight  in  the  morning  and  evening,  and  a  minimum  at 
3  P.M  and  3  A.M,  because  the  ascending  current  of  air  carries  the  moisture 
upwards.     The  absolute  moisture  is  greatest  in  the  tropics,  where  it  repre- 
sents a  pressure  of  25  mm.,  while  in  our  latitudes  it  does  not  exceed  10  mm. 
The  relative  moisture,  on  the  other  hand,  is  at  the  minimum  in  the  hottest  and 
«:  its  maximimi  in  the  coolest  part  of  the  day.     It  varies  also  in  different 
regions.     It  is  greater  in  the  centre  of  continents  than  it  is  on  the  sea  or  the 
sea-coast     That  the  dryness  increases  with  the  distance  from  the  sea  Is 
shown  by  the  clearer  skies  of  continental  regions.     In  Platowskya  in  Siberia 
:he  air,  at  a  temperature  of  24**,  was  found  to  contain  a  quantity  of  moisture 
only  sufficient  to  saturate  it  at   —  3° ;  the  air  might  therefore  have  been 
ooltd  through  27°  without  any  deposit  of  moisture.     In  some  parts  of  East 
.\frica  the  springs  of  powder-flasks  exposed  to  the  damp  snap  like  twisted 
q-ills ;  on  the  contrary  paper  becomes  soft  and  sloppy  by  the  loss  of  its 
^.aze :   and  gunpowder,  if  not  kept  hermetically  sealed,  refuses  to  ignite. 
On  the  other  hand  in  North  America,  where  the  south-west  winds  blow  over 
lirge  tracts  of  land,  the  relative  moisture  is  less  and  the  evaporation  is  far 
=Kire  rapid  than  in  Europe  ;  clothes  dr)"  quickly,  bread  soon  becomes  hard, 
aewly  built  houses  can  be  at  once  inhabited,  European  pianos  soon  give  way 
•h*rc,  while  American  ones  are  very  durable  on  this  side  of  the  ocean.     As 
t^rds  the  animal  economy,  liquids  evaporate  more  rapidly,  by  which  the 
r.r-ulation  and  the  assimilation  is  accelerated,  and  the  whole  character  is 
"vrc  nervous.     Vox  evaponition  is  quicker  the  drier  the  air,  and  the  more 
'T.'jcntly  it  is  renewed  ;  it  is,  moreover,  more  rapid  the  higher  the  temper- 
cz^,  and  the  less  the  pressure.    This  is  not  in  disaccord  with  the  statement 
"j:  the  quantity  of  vapour  which   saturates   a  given  space   is  the  same 
">o»*:\cr  this  be  tilled  with  air  ;  a  certain  space  takes  up  the  same  weight  of 
■i>'jur  whether  it  i»  vacuous,  or  filled  with  rarefied  or  dense  air  ;  the  saturation 
rth  vapf>ur  takes  place  the  more  rapidly  the  smaller  the  pressure  of  the  air. 
401.  Problem  on  tayvrometry. — To  calculate  the  weight  V  of  a  volume 
*  :n^i't  air  V,  the  hygrometric  state  of  which  is  K,  the  temperature  /,  and 
>;jrf:— -jre  H,  the  density  of  the  vapour  bcin;;  \  that  of  air. 

Kmrr.  the  se<-ond  law  of  the  mixture  of  gases  and  vapours,  it  will  be  seen 
■^^'  •:.«  :roi^i  air  is  nothing  more  than  a  mixture  of  \'  t  ubic  inches  of  dr>' 
*^'*!/  ,  uncier  the  pressure  H  mmus  that  of  the  vapour,  and  of  V  cubic 
'*r«-  '.f  \ajx>ur  at  f"  and  the  pressure  given  by  the  hygromctric  state; 
''ttef*f>  values  must,  therefore,  be  found  separately. 

The  formulay-  F  x  E  <''392;  gives  the  pressure  /  of  the  vapour  in  the  air, 
^''  E  his  been  determined,  and  F  is  found  from  the  tables.  The  i)ressure  / 
^^'.g  kn'iwn,  if/'  is  the  pressure  of  the  air,  /+/'^  H,  from  which 

/'=,H-/-.H-FK. 

T:;e  question  consequently  resolves  itself  into  calculating  tlu-  weight  of 
"-'v.'!  inches  of  dry  air  at  /^  and  the  pressure  H  -  FK,  and  then  that  of  V 
-■-     T.ches  of  aqueous  vapour  also  at  /^,  but  under  the  pressure  FK. 
\-/-A-   V   cubic   inches    of  dry   air   under   the   given   conditions   weigh 

\  K  2 
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°  ^] — -V— ^  — >  ^^^  ^^  readily  see  from  problem  III.  art.  384,  that  Vcu 
( I  +  a/)  760 

inches  of  vapour  at  /**,  and  the  pressure  FE,  weigh  2  x   .  ^-  -      ,  .    Add 
*^  '^  '       **    8    (i+a/)76o 

these  two  weights,  and  reducing,  we  get 

p^o-3iVJH-|FE) 
(I  +  a/)  760 

If  the  air  were  saturated  we  should  have  E  -  i,  and  the  formula  would  tl 
be  changed  into  that  already  found  for  the  mixture  of  gases  and  satura 
vapours  (384). 

This  formula  contains,  besides  the  weight  P,  many  variable  quantities 
E,  H,  and  /,  and  consequently,  by  taking  successively  each  of  these  quai 
ties  as  unknown,  as  many  different  problems  might  be  proposed. 

402.  OolTeotion  for  tlie  loss  of  welffbt  ezperieneed  by  bodi 
wetfflied  In  tlie  air. — It  has  been  seen  in  speaking  of  the  balance  that  1 
weight  which  it  indicates  is  only  an  apparent  weight,  and  is  less  than  1 
real  weight.  The  latter  may  be  deduced  from  the  former  when  it  is  reme 
bered  that  every  body  weighed  in  the  air  loses  a  weight  equal  to  that  of  I 
displaced  air  (195).  This  problem  is,  however,  very  complicated,  for  i 
only  does  the  weight  of  the  displaced  air  vary  with  the  temperature,  t 
pressure,  and  the  hygrometric  state,  but  the  volume  of  the  body  to 
weighed,  and  that  of  the  weights,  vary  also  with  the  temperature  ;  so  thai 
double  correction  has  to  be  made  ;  one  relative  to  the  weights,  the  other 
the  body  weighed. 

Correction  relative  to  the  weights. — In  order  to  make  this  correction 
P  be  their  weight  in  air,  and  n  their  weight  in  vacuo ;  further,  let  V  be  t 
volume  of  these  weights  at  0°,  D  the  density  of  the  substance  of  which  tl* 
are  made,  and  K  its  coefficient  of  linear  expansion. 

The  volume  V  becomes  V  (i  +3K/)  at  /°,  hence  this  is  the  volume  of  a 
displaced  by  the  weights.  If  /x  be  the  weight  of  a  cubic  inch  of  air  at  /,  a© 
the  pressure  H  at  the  time  of  weighing,  we  have 

P  =  n-fiV(i+3K/). 

From  the  formula  P  =  VD  (125)  V  may  be  replaced  by  J^,  and  th 
formula  becomes 


x.n[,  -m(i  +  3K/)-| 


which  gives  the  value,  in  air,  of  a  weight  n,  when  fi  is  replaced  by  its  vahic 
But  since  f*  is  the  weight  of  a  cubic  inch  of  air  more  or  less  moist,  at  tb 
temperature  /  and  the  pressure  H,  its  value  may  be  calculated  by  means  0 
the  formula  in  the  foregoing  paragraph. 

Correction  relative  to  the  body  weighed, — Let  /  be  the  apparent  wcigb 
of  the  body  to  be  weighed,  n  its  real  weight  in  vacuOy  d  its  density,  i  it 
coefficient  of  expansion,  and  /  its  temperature  ;  by  the  same  reasoning  i 
above  we  have 
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By  using  the  method  of  double  weighing,  and  of  a  counterpoise  whose 
apparent  weight  is  f^^  the  real  weight  ir',  the  density  tt^  and  the  coefficient 
If^  and  assuming  that  the  pressure  does  not  change,  which  is  usually  the 
case,  we  have  again 

/--'[i   -?('^/''^]      ....        (3) 


If  a  and  b  are  the  two  arms  of  the  beam,  we  have  in  the  first  weighing  ap  'mpb ; 
and  in  the  second  aP  - bp^  whence/ »  P.  Replacing  P  and/  by  their  values 
<icdnced  from  the  above  equations,  wc  have 

_Ki  +  3K/)-l 

li      J 


'[ 


,  _M(i+3*'n 


•-[■ 


vbence 

vhidi  solves  the  problem. 
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tidi  melts  at  6i^  The  box  being  filled  with  boiling  water,  it  is  observed 
ttt  the  wax  melts  to  a  certain  distance  on  the  metal  rods,  while  on  the 
then  there  is  no  trace  of  fusion.  The  conducting  power  is  evidently  greater 
I  proportion  as  the  wax  has  fused  to  a  greater  distance.  The  experiment  is 
amrtimes  modified  by  attaching  glass  balls  or  marbles  to  the  ends  of  the 
ods  by  means  of  wax.  As  the  wax  melts,  the  balls  drop  of!^  and  this  in  the 
fdcr  of  their  respective  conductivities.  The  quickness  with  which  melting 
ikes  place  is,  however,  only  a  measure  of  the  conducting  power,  in  case  the 
aetals  have  the  same  or  nearly  the  same  specific  heat 

Despretz  compared  the  conducting  powers  of  solids  by  forming  them  into 
^  '^*  343)9  in  which  small  cavities  are  made  at  short  intervals :  these 


F»C-  343. 

cities  contain  mcrcur>',  and  a  delicate  thermometer  is  placed  in  each  of 
ion.  Such  a  bar,  ab,  is  exposed  at  one  end  to  a  constant  source  of  heat, 
*di  as  that  of  a  bath  of  paraffin  or  of  fusible  metal  heated  by  a  Bunsen's 
Mnier ;  the  thermometers  gradually  rise  until  they  indicate  fixed  tempera- 
BK.  which  are  less  according  as  the  thermometers  are  farther  from  the 
ocrce  of  heat.  By  this  method  Despretz  verified  the  following  law  : — If  the 
^utoufs  a^a^a-^  .  .  .  .  a^^  from  the  source  of  heat  increase  in  arithmetical 
^9gression,  the  excess  of  temperature  over  that  oj  the  surrounding  air, 
t  /^  /,....  /^,  decreases  in  geometrical  progression. 

This  law,  however,  only  prevails  in  the  case  of  very  good  conductors, 
Bch  as  gold,  platinum,  silver,  and  copjjer  ;  it  is  only  approximately  true  for 
'00,  zinc  lead,  and  tin,  and  does  not  apply  <it  all  to  non-metallic  bodies, 
Kb  as  marble,  porcelain,  &c. 

Taking  the  conduaing  power  of  ;,'old  at  1000,  Ocspretz  constructed  the 
jDo^-ing  table  of  conductivities  : — 


Platinum  . 

.        .     981 

Tin  . 

.     304 

Silver 

.    973 

Lead 

.     179 

Copper     . 

•        .     897 

Marble     . 

23 

Iron . 

•     374 

Porcelain 

12 

Zinc.        . 

•         .     363 

Brick  earth 

II 
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By  making  cavities  in  the  bars,  as  in  Despretz's  method,  their  form  is 
altered,  and  the  continuity  partially  destroyed  Wiedemann  and  Franz 
avoided  this  source  of  error  by  measuring  the  temperature  of  the  bars  in 
different  places  by  applying  to  them  the  junction  of  a  thermo-electric  couple 
(412).  The  metal  bars  were  made  as  regular  as  possible,  one  of  the  ends 
was  heated  to  100^,  the  rest  of  the  bar  being  surrounded  by  air  at  a  constant 
temperature.  The  thermo-electric  couple  was  of  small  dimensions,  in  order 
not  to  abstract  too  much  heat. 

By  this  method  Wiedemann  and  Franz  obtained  results  which  differ  con- 
siderably from  those  of  Despretz.  Representing  the  conductivity  of  silver 
by  100°,  they  found  the  following  nimibers  for  the  other  metals  : — 


Silver 

loo-o 

Iron 

II-9 

Copper 

73-6 

Steel 

11-6 

Gold 

53-2 

Lead 

8-5 

Brass 

231 

Platinum 

8-4 

Zinc 

19-0 

Rose's  alloy    . 

2-8 

Tin 

■        .        .       14*5 

Bismuth  . 

I -8 

These  experimenters  found  that  the  conducting  power  of  the  pure  metals 
for  heat  and  electricity  is  the  same. 

Organic  substances  conduct  heat  badly.  De  la  Rive  and  De  Candolle 
showed  that  woods  conduct  better  in  the  direction  of  their  fibres  than  in  a 
transverse  direction,  and  this  difference  is  greater  with  the  soft  than  with  the 
hard  woods ;  they  remarked  upon  the  influence  which  this  feeble  conduct- 
ing power,  in  a  transverse  direction,  exerts  in  preserving  a  tree  from  sudden 
changes  of  temperature,  enabling  it  to  resist  alike  a  sudden  abstraction  of 
heat  from  within,  and  the  sudden  accession  of  heat  from  without.  T>-ndall  has 
also  shown  that  this  tendency  is  aided  by  the  low  conducting  power  of  the 
bark,  which  is  in  all  cases  less  than  that  of  the  wood.  Cotton,  wool,  straw, 
bran,  &c.,  are  all  bad  conductors. 

405.  Ooefltoient  of  oondnotiTity. — The  numbers  given  in  the  foregoing 
article  only  express  the  relative  conducting  powers  of  the  respective  sub- 
stances. Numerous  experiments  have  been  made  to  determine  the  quantit)' 
of  heat,  W,  which  passes,  for  instance,  through  a  plate  the  two  sides  of  which 
are  kept  at  a  constant  diflfcrencc  of  temperature.  This  will  clearly  be  pro- 
portional to  the  area  of  the  plate  A  and  to  the  time  /.  It  is  further  propor- 
tional to  the  excess  of  the  temperature  of  the  one  face  ^^  over  that  of  the 
other  d  — that  is,  to  6^  —  6  ;  and  as  the  flow  of  heat  is  different  in  different 
substances,  it  will  Ixj  proportional  to  a  constant  k. 

On  the  other  hand  it  will  be  inversely  proportional  to  the  thickness  of  the 
plate  //.     These  results  arc  expressed  by  the  formula 


W 


-^'(^»-^)'^^ro,n  which/--,.    W 


{6,^6)  AtiV 


On  the  CGS  system  of  units,  the  coefficient  0/ thermal  oi  catorimetrii^ 
conductivity^  k\  is  the  quantity  of  heat  which  passes  in  a  second  of  tim^ 
between  the  two  opiwsilc  faces  of  a  cube  of  the  substance  one  centimetre  ifl 
thickness,  and  which  are  kept  at  a  constant  difference  of  one  degree.    TV 
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copper,  i*io8;  zinc, 


mean  values,  as  found  by  Neumann,  are  as  follows  :- 
0-307  ;  iron,  0-163  \  argentan,  0*109  ;  >ce,  0-0057. 

Thus  if  the  two  opposite  faces  of  a  cube  of  iron  one  centimetre  in  thick- 
x»ess,  that  is  to  say,  a  cubic  centimetre  of  iron,  are  kept  at  a  constant  differ- 
ence of  I®  C,  the  quantity  of  heat  which  passes  in  each  second  of  time  will 
be  sufficient  to  raise  0-163  gramme  of  water  through  1°  C.  From  this,  which 
is  often  called  the  ccUorimetrical  measure  of  conductivity^  we  must  distin- 
guish the  tkermometric  measure  of  conductivity ;  that  is  to  say,  the  number 
of  degrees  through  which  the  cube  in  question  would  be  heated  when  the 
above  quantit>'  of  heat  passes  through  it  under  the  given  conditions.  This 
is  obtained  from  the  constants  given,  by  dividing  them  by  the  reduced  value 
of  the  cube  r,  or  the  sp)ecific  heat  of  unit  volume  ;  that  is,  by  the  product  of 
its  specific  heat  into  its  specific  gravit>'. 

406.  Seamnnimt**  experiment. — It  is  only  in  homogeneous  bodies  that 

heat  is  conducted  with  equal  facility  in  all  directions.     If  an  aperture  be 

made  in  a  piece  of  ordinary  glass  covered  with  a  thin  layer  of  wax,  and  a 

plaiinum  wire  ignited  by  a  voltaic  current  be  held  through  the  aperture,  the 

•ax  will  be  melted  round  the  hole  in  a  circular  form.     Senarmont  made,  on 

this  principle,  a  series  of  experiments  on  the  conductivity  of  heat  in  crystals. 

K  plate  cut  from  a  cr>'stal  of  the  regular  system  was  covered  with  wax,  and 

i  heated  metallic  point  was  held  against  it.     The  part  melted  had  a  circular 

fom  ;  Ijut  w  hen  plates  of  crystals  belonging  to  other  systems  were  investi- 

:^te<i  in  a  similar  manner,  it  was  found  that  the  form  of  the  isothermal  line 

or  lifiC  f»f  equal  temperature  -that  is,  the  boundary  of  the  melted  part — 

\ireiittith  the  different  systems  and  with  the  position  of  the  axes.     In 

pUtts  of  uniaxial  crystals  cut  parallel  to  the  principal  axis  it  was  an  ellipse, 

■-'.e  major  axis  of  which  was  in  the  direction  of  the  principal  axis.     In  plates 

-::  ;*rpf;ndicular  to  the  principal  axis  it  was  a  circle.     In  biaxial  crystals, 

^'   *hich  belenite  is  well  adapted,  the  line  was  always   an  ellipse.     The 

".•.".*  rmal  surface  agrees  in  general  character  with  the  wave  surface  of  the 

"'  v.i'.'-clinary  ray. 

Ir.«.:ead  of  wax  the  plate  may  be  coaled  with 
•■:*  c>ublc  iodide  of  mercury  and  copjKjr  ;  this 
■:j*.:ancc  is  of  a  brick-red  colour,  which  when 
■  tittd  changes  into  a  purplish  black. 

k'.r.t;,'en  makes  the  experiment  very  simply  by 
f^-a;hin^'  fm  the  plate,  and  then  holding  a  hot  steel 
f^'iTi:  aj^'ainst  it.  When  a  space  free  from  moisture 
'^^  '■'i-en  found  about  the  point,  the  whole  plate  is 
^'""'.tA  AJih  lycopodium,  which  shows  the  outline  of 
*"•<  *..:.ire  with  great  sharpness. 

4'^;.  CoadnotiTlty    of  liquids.  -The   conduc- 

■ ';  ■•'  'iquids  is  very  small,  as  is  seen  from  the 

'•'■j^.r.;^'    experiment  :- -A   delicate    thermoscope 

-istmg  of  two  glass  bulbs,  joined  by  a  tube 

\*hich   there   is  a  small  index  of  coloured 

.  o  placed  in  a  large  cylindrical  gla^s  vessel,  D  (tij^.  344;.     This  vessel 

nl./d  with  water  at  the  ordinary^  temperature,  and  a  tin  vessel,  A,  contain- 

''i  at  a  temperature  of  two  or  three  hundred  degrees,  is  dipped  in  it. 
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Thc  bulb  near  the  vessel  A  is  only  very  slightly  heated,  and  the  index  m 
moves  through  a  very  small  distance.  Other  liquids  give  the  same  result 
That  liquids  conduct  very  badly  is  also  demonstrated  by  a  simpler  experi- 
ment. A  long  test-tube  is  half  filled  with  water,  and  some  ice  so  placed  in 
it  that  it  cannot  rise  to  the  surface.  By  inclining  the  tube  and  heating  the 
surface  of  the  liquid  by  means  of  a  spirit  lamp,  the  liquid  at  the  top  may 
be  made  to  boil,  while  the  ice  at  the  bottom  remains  unmelted. 

Despretz  made  a  series  of  experiments  with  an  apparatus  analogous  to 
that  here  described,  but  he  kept  the  liquid  in  the  vessel.  A,  at  a  constant 
temperature,  and  arranged  a  series  of  thermometers  one  below  the  other  in 
the  vessel  D.  In  this  manner  he  found  that  the  conductivity  of  heat  tn 
liquid  obeys  the  same  laws  as  in  solids,  but  is  much  more  feeble.  For  ex- 
ample, the  conductivity  of  water  is  ^  that  of  copper. 

Guthrie  examined  the  conductivity  of  liquids  in  the  following  man- 
ner : — Two  hollow  brass  cones  are  placed  near  each  other  so  that  the  top 
of  one  points  upwards,  that  of  the  other  downwards  {fig.  345).   The  distance 


Fig.  345. 

of  the  bases,  which  are  of  platinum,  can  be  regulated  by  a  micrometer  screw. 
The  liquid  to  be  examined  is  introduced  between  the  bases  by  means  d  » 
pipette.  The  lower  cone  is  fitted  with  a  glass  tube  which  dips  in  a  colouxtd 
liquid,  and  thus  constitutes  an  air  thermometer.  The  base  of  the  upper  cooe 
is  kept  at  a  constant  temperature  by  means  of  a  current  of  hot  water ;  it  thtf 
warms  the  liquid,  and  the  base  of  the  lower  cone,  in  consequence  of  whicfc 
the  air  in  the  interior  is  expanded  and  the  column  of  liquid  in  the  ste« 
depressed. 

The  bases  of  the  cones  were  first  brought  in  contact  and  the  depressifli 
of  the  column  of  liquid  was  observed.  A  column  of  liquid  of  a  given  thidt* 
ness  was  then  interposed  and  the  depression  obser\ed  after  a  certain  time 
The  same  thicknesses  of  other  liquids  were  then  successively  introducrfi 
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Ether     . 

.    0*00040 

Olive  oil 

000039 

Chloroform    . 

.     0-00037 

Benzole 

.    0*00032 

and  the  corresponding  depressions  noted.  The  difference  of  the  depressions 
was  a  measure  for  the  resistance  which  the  liquid  offered  to  the  passage  of 
heat. 

The  most  complete  researches  on  the  conductivity  of  liquids  are  those  of 
Weber,  who  made  use  of  the  following  method.  A  copper  disc  about  8 
cm.  in  radius  was  separated  from  another  similar  one  by  three  pieces  of 
glass,  about  0-2  cm.  thick.  The  space  thus  formed  between  the  two  is 
filled  with  the  liquid  to  be  examined,  and  the  system  placed  horizontally  on 
a  smooth  block  of  ice.  The  lower  plate  rapidly  assumed  the  temperature  of 
the  ice,  and  heat  travelled  through  the  liquid  from  the  upper  plate,  the 
changes  in  temperature  of  which  were  noted  by  a  thermo-electrical  arrange- 
ment    He  thus  observed  the  following  values  for  k  (405)  : — 

Water  .    0*00124 

Solution  of  NaCl  0*00 1 1 5 

(ilycerinc  .  .    0*00067 

.-\lcohol  0*00049 

Carbon  .    0*00042 

Wcbcr  deduced  from  his  researches  the  law  that  for  the  liquids  examined  by 
K:ni.  the  conductivity  is  proportional  to  the  specific  heat  of  unit  volume — that 
i,  :o  the  density  multiplied  by  the  specific  heat. 

4'^.  BKAimer  la  wbleh  liquids  are  beated.-  When  a  column  of  liquid 
■>  heated  at  the  bottom,  ascending  and  descending  currents  are  produced. 
I*.  i>  by  these  that  heat  is  mainly  distributed 
■hrou^'h  the  liquid,  and  not  by  its  conductivity. 
Tr.ev:  currents  arise  from  the  expansion  of 
-^e  inferior  layers,  which,  becoming  less 
'tr.^c,  rise  in  the  liquid,  and  are  replaced 
■  :•  c'.Ider  and  denser  layers.  They  may  be 
"■^e  visible  by  projecting  bran  or  wooden 
=^Jvir.;^'s  into  water,  which  rise  and  descend 
*:•"  the  currents.  The  experiment  is 
^•'^r.^-ed  as  shown  in  fig.  346.  The  mode 
-^liich  heat  is  thus  propagated  in  liquids 
*-'^-  in  gabes  is  said  to  be  by  convection. 

4o>.  OoBdvctlTity  of  irases.—  It  has 
^^D  a  disputed  question  whether  ;:[aseh  have 
**n;t  conductivity,  that  is  to  say,  a  conduc- 
*'■  n  from  layer  to  layer  as  with  the  metals  ; 
**•  certainly  when  they  are  restrained  in 
^r  motion  their  conductivity  is  vcr>'  small. 
•^  substances,  for  instance,  between  whose  particles  air  remains  stationar>', 
■'•t:*r  great  resistance  to  the  propagation  of  heal.  Thi^  is  well  seen  in  straw, 
^(ier^iown,  and  furs.  The  propagation  of  heat  in  a  j^aseous  mass  is  effected 
^' means  of  the  ascending  and  descending  currents  formed  in  it,  as  is  the 
•*ie  »:th  liquids. 

The  following  experiment,  a   modification  of  one  originally  devised  by 
^'J"  W.  (irove,  is  considered  to  prove  that  ;,Nises  have  a  certain  c*^    '      'vity. 

A  '^Iass  tube,  fig.  347,  with  two  lateral  lubes  d  and  c  ope?  U 
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one  end,  is  closed  in  the  middle  by  a  cork,  ^,  through  which  a  stout  copper 
wire  passes.  This  is  connected  by  thin  platinum  wires  with  similar  stout 
copper  wires  also  passing  through  the  corks  a  and  c.  When  the  current  of 
a  Grove's  battery  is  passed  through  the  wires,  both  platinums  are  equally 
incandescent.  If,  now,  one  half  of  the  tube  is  filled  with  hydrogen  by  con- 
necting one  of  the  small  tubes  with  a  supply  of  that  gas,  and  the  current  b 
again  passed,  the  wire  in  the  hydrogen  is  scarcely  luminous,  while  that  in 
air  is  still  brightly  incandescent. 

This  greater  chilling  of  the  wire  in  hydrogen  than  in  air  is  considered 
by  Magnus  to  be  an  effect  of  conduction ;  while  Tyndall  ascribes  it  to  the 
greater  mobility  of  the  particles  of  hydrogen. 

Stefan  found  the  value  of  k  for  air  to  be  0*0000558  in  CGS  units,  so 
that  its  conductivity  is  only  j^J-j,  that  of  copper,  and  ^^^  that  of  iron.     He 


r 


Fig.  347. 


also  found  that  hydrogen  conducts  seven  times  as  well  as  air,  and  that 
difference  of  density  seems  to  have  no  influence  on  the  conductivity. 

41a  JLpplioatloiis. — The  greater  or  less  conductivity  of  bodies  meets 
with  numerous  applications.  If  a  liquid  is  to  be  kept  warm  for  a  long  time, 
it  is  placed  in  a  vessel  and  packed  round  with  non-conducting  substances, 
such  as  shavings,  straw,  or  bruised  charcoal.  For  this  purpose  water-pipes 
and  pumps  are  wrapped  in  straw  at  the  approach  of  frost.  The  same  meaas 
are  used  to  hinder  a  body  from  becoming  heated.  Ice  is  transported  in 
summer  by  packing  it  in  bran  or  folding  it  in  flannel. 

Double  walls  constructed  of  thick  planks  having  between  them  any  finely 
divided  materials,  such  as  shavings,  sawdust,  dry  leaves,  &c.,  retain  beat 
extremely  well ;  and  are  likewise  advantageous  in  hot  countries,  for  they 
prevent  its  access.     Pure  silica  in  the  state  of  rock  cr>'stal  is  a  better  con- 
ductor than  lead,  but  in  a  state  of  powder  it  conducts  vcr>'  badly.     If  a  layer 
of  asbestos  is  placed  on  the  hand  a  red-hot  iron  ball  can  be  held  without 
inconvenience.     Red-hot  cannon-balls  can  be  wheeled  to  the  gun's  mouth  iiw 
wooden  barrows  partially  filled  with  sand.     Lava  has  been  known  to  floi^ 
over  a  layer  of  ashes  underneath  which  was  a  bed  of  ice,  and  the  noih^*. 
conducting  power  of  the  ashes  has  prevented  the  ice  from  melting. 

The  clothes  which   we  wear  are  not  warm  in   themselves ;    they  only 
hinder  the  body  from  losing  heat,  in  consequence  of  their  spong>'  texture 
and  the  air  they  enclose.     The  warmth  of  bed -covers  and  of  counterpane* 
is  explained  in  a  similar  manner.     Double  windows  are  frequently  used  in 
cold  climates  to  keep  a  room  warm — they  do  this  by  the  non -conducting 
layer  of  air  interposed  between  them.     During  the  night  the  windows  lit 
opened,  while  during  the  day  they  arc  kept  closed.     It  is  for  the  same  rcas* 
that  two  shirts  are  wanner  than  one  of  the  same  material  but  of  double  tk 
thickness.     Hence,  too,  the  warmth  of  furs,  eider-down,  &c 

The  small  conducting  power  of  felt  is  used  in  the  North  of  Eurt»pc  in  iht 
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construction  of  the  Norwegian  siove^  which  consists  merely  of  a  wooden 
box  with  a  thick  lining  of  felt  on  the  inside.  In  the  centre  is  a  cavity  in 
iihich  can  be  placed  a  stew-pan  provided  with  a  cover.  On  the  top  of  this 
IS  a  lid,  also  made  of  felt,  so  that  the  pan  is  surrounded  by  a  very  badly 
conducting  envelope.  Meat,  with  water  and  suitable  additions,  is  placed  in 
the  pan,  and  the  contents  are  then  raised  to  boiling.  The  whole  is  then 
enclosed  in  the  box  and  left  to  itself ;  the  cooking  will  go  on  without  fire, 
;ind  after  the  lapse  of  several  hours  it  will  be  quite  finished.  The  cooling 
down  is  very  slow,  owing  to  the  bad  conducting  power  of  the  lining  ;  at  the 
end  of  three  hours  the  temperature  is  usually  not  found  to  have  sunk  more 
than  from  10**  to  15^. 

That  water  boils  more  rapidly  in  a  metallic  vessel  than  in  one  of  porcelain 
of  the  same  thickness ;  that  a  burning  piece  of  wood  can  be  held  close  to 
the  burning  part  with  the  naked  hand,  while  a  piece  of  iron  heated  at  one 
end  can  only  be  held  at  a  great  distance,  are  easily  explained  by  reference 
*.o  their  various  conductivities. 

The  sensation  of  heat  or  cold  which  we  feci  when  in  contact  with  certain 
bndies  is  materially  influenced  by  their  conductivity.  If  their  temperature  is 
!nwer  than  ours,  they  appear  colder  than  they  really  are,  because  from  their 
conductivity  heat  passes  away  from  us.  If,  on  the  contrary,  their  temperature 
>  hi;:her  than  that  of  our  body,  they  appear  warmer  from  the  heat  which 
thtv  give  up  at  different  parts  of  their  mass.  Hence  it  is  clear  why  carpets, 
hr  example,  are  warmer  than  wooden  floors,  and  why  the  latter  ajrain  are 
Tinner  than  stone  floors. 

The  cluser  the  contact  of  the  hand  with  a  substance,  the  j^'cater  is  the 
difference  of  temperature  felt.  With  smooth  surfaces  there  are  more  points 
*^  contact  than  with  rough  ones.  A  hot  glass  rod  feels  hotter  than  a  piece 
'•'f  nisted  iron  of  the  same  temperature,  althou;^h  the  latter  is  a  l)etter  con- 
's-' tor.  The  closer  the  substance  is  pressed,  the  more  intimate  the  contact ; 
in  i;5Tiitcd  piece  of  charcoal  can  be  lifted  by  tlic  fingers,  if  it  is  not  closely 
prt^sed. 
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CHAPTER   VIII. 

RADIATION   OF   HEAT. 

411.  madlant  beat. — It  has  been  already  stated  (403)  that  heat  can  be 
transmitted  from  one  body  to  another  without  altering  the  temperature  of  the 
intervening  medium.  If  we  stand  in  front  of  a  fire  we  experience  a  sensatioQ 
of  warmth  which  is  not  due  to  the  temperature  of  the  air,  for  if  a  screen  be 
interposed  the  sensation  immediately  disappears,  which  would  not  be  the 
case  if  the  surrounding  air  had  a  high  temperature.  Hence  bodies  can  send 
out  rays  which  excite  heat,  and  which  penetrate  through  the  air  without 
heating  it,  as  rays  of  light  through  transparent  bodies.  Heat  thus  propagated 
is  said  to  be  radiated ;  and  we  shall  use  the  terms  ray  of  heat^  or  thermal^  or 
calorific  ray^  in  a  similar  sense  to  that  in  which  we  use  the  term  ray  of  light 
or  luminous  ray. 

We  shall  find  that  the  property  of  radiating  heat  is  not  confined  to 
luminous  bodies,  such  as  a  fire  or  a  red-hot  ball,  but  that  bodies  of  all  tem- 
peratures radiate  heat.  It  will  be  convenient  to  make  a  distinction  betift-een 
luminous  and  obscure  rays  of  heat 

412.  BeteotloB  and  measurement  of  radiant  beat. — In  demonstrating 
the  phenomena  of  radiant  heat,  very  delicate  thermometers  are  required,  and 
the  thermo-electrical  multiplier  of  Melloni  is  used  for  this  purpose  with  great 
advantage  ;  for  it  not  only  indicates  minute  differences  of  temperature,  but 
it  also  measures  them  with  accuracy. 

This  instrument  cannot  be  properly  understood  without  a  knowledge  of 
the  principles  of  thermo-electricity,  for  which  Book  X.  must  be  consulted. 
It  may,  however,  be  stated  here  that  when  two  different  metals  A  and  B  are 
soldered  together  at  one  end  (figs.  348,  349),  the  free  ends  being  joined  by  a 

wire,  when  the  solderiQC 
A     2^y^^       ^  ^^  heated,  a  current  dt 
Z^       ~  —~^  ^      electricity  circulates 

'    through   the   system;  i^ 
on     the     contrary,    ibe 
soldering    be    cooled,  a 
^  current  is  also  produced, 

Fig.  343.  Fig.  347.  but  it  circulates  in  cxactif        j 

the  opposite  direction. 
This  is  called  a  thermo-eleciric  couple  ox  pair.  If  a  number  of  such  pairs  be 
alternately  soldered  together,  as  represented  in  fig.  349,  the  strength  of  the 
current  produced  by  heating  the  ends  is  increased  ;  or,  what  amounts  to  the 
same  thing,  a  smaller  degree  of  heat  will  produce  the  same  effect.  Such  an 
arrangement  of  a  number  of  thermo-electric  pairs  is  called  a  thermo-eUctrk 
battery  ox  pile. 
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MeUoni's  thennomtiltiplier  consists  of  a  thermo-electric  pile  connected 
rith  a  delicate  galvanometer.  The  thermo-electric  pile  is  constructed  of  a 
noinber  of  minute  bars  of  bismuth  and  antimony  soldered  together  alternately, 
Ehough  kept  insulated  from  each  other,  and  contained  in  a  rectangular  box 
P  t.fiij.  350).  The  terminal  bars  are  connected  with  two  binding  screws  m 
and  «,  which  in  turn  are  connected  with  the  galvanometer  G  by  means  of  the 
vires  a  and  b. 

The  galvanometer  consists  of  a  quantity  of  fine  insulated  copper  wire 
cotled  round  a  frame,  in  the  centre  of  which  a  delicate  magnetic  needle  is 
suspended  by  means  of  a  silk  thread.  When  an  electric  current  is  passed 
through  this  coil,  the  needle  is  deflected  through  an  angle  which  depends  on 
the  strength  of  the  current.  The  angle  is  measured  on  a  dial  by  an  index 
coonccted  with  the  needle. 

It  may  then  be  sufficient  to  state  that  the  thermo-electric  pile  being  con- 
nected m-ith  the  galvanometer  by  means  of  the  wires  a  and  b^  an  excess  of 


Fig-  350. 

■onpcraiure  at  one  end  of  the  pile  causes  the  needle  to  be  deflected  throu;;h 
»iai;lc  which  depends  on  the  extent  of  this  excess;  and  similarly  if  the 
'•onperaiure  is  depressed  below  that  of  the  other  end,  a  corresponding 
'"•flection  is  produced  in  the  opposite  direction.  Hy  arran^^ements  of  this 
^-'Ci  Mellon i  was  able  to  measure  differences  of  temperature  of  sJ^oth  of  a 
^^7w.  The  object  of  the  cone  C  is  to  concentrate  the  thermal  rays  on  the 
**:f  of  the  pile. 

413.  &aws  of  rmdlatloB. — The  radiation  of  heat  is  governed  by  three 
411S :  - 

I.  Radiation  takes  place  in  all  directions  round  a  body.    If  a  thermometer 

*  pUced  in  different  positions  round  a  heated  body,  it  indicates  everywhere 

*  ri?c  in  temperature. 

II.  In  a  homogeneous  medium^  radiation  takes  place  in  a  rii^ht  line.  For, 
^i^^rcrn  be  placed  in  a  right  line  which  joins  the  source  of  heat  and  the 
tbcrrr.'.rr.ctcr,  the  latter  is  not  affected. 
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But  in  passing  obliquely  from  one  medium  into  another,  as  from  air  into 

glass,   calorific-like  luminous  rays  become  deviated,   an  effect   known  as 

re/raciion.     The  laws  of  this  phenomenon  are  the  same  for 

heat  as  for  light,  and  they  will  be  more  fully  discussed  under 

the  latter  subject. 

III.  Radiant  heat  is  propagated  in  vacuo  as  well  as  im 
air.    This  is  demonstrated  by  the  following  exp)erimcnt : — 

In  the  bottom  of  a  glass  flask  a  thermometer  is  fixed  in 
such  a  manner  that  its  bulb  occupies  the  centre  of  the  flask 
(%•  350-  The  neck  of  the  flask  is  carefully  narrowed  by 
means  of  the  blowpipe,  and  then  the  apparatus  having  been 
suitably  attached  to  an  air-pump,  a  vacuum  is  produced  in 
the  interior.  This  having 'been  done,  the  tube  is  sealed  at 
the  narrow  part.  On  immersing  this  apparatus  in  hot  ni-ater, 
or  on  bringing  near  it  some  hot  charcoal,  the  thermometer  is 
at  once  seen  to  rise.  This  could  only  rise  from  radiation 
through  the  vacuum  in  the  interior,  for  glass  is  so  bad  a 
conductor  that  the  heat  could  not  travel  with  this  rapidity  through  the  sides 
of  the  flask  and  the  stem  of  the  thermometer. 

414.  CtaMiseB  wiaob  modify  tlie  intensity  of  rmdiAnt  beat. — By  the 
intensity  0/ radiant  heat  is  understood  the  quantity  of  heat  received  on  the 
.unit  of  surface.  Three  causes  are  found  to  modify  this  intensity  :  the  tan* 
perature  of  the  source  of  heat,  its  distance,  and  the  obliquity  of  the  calorific 
rays  in  reference  to  the  surface  which  emits  them.  The  laws  which  regulate 
these  modifications  may  be  thus  stated  : — 

I.  The  intensity  0/ radiant  heat  is  proportional  to  the  temperature  of  the 
source, 

I I.  The  intensity  is  imversely  as  the  square  of  the  distance, 

III.  The  intensity  is  less,  the  greater  the  obliquity  of  the  rays  with  respect 
to  the  radiating  surface. 

The  first  law  is  demonstrated  by  placing  a  metal  box  containing'  watc^- 
at  10°,  20**,  or  30°  successively  at  equal  distances  from  the  bulb  of  adiflerea.^ 

tial  thermometer.     The  temperatures  indicatexi 
by  the  latter  are  then  found  to  be  in  the  saoc^^ 
ratio  as  those  of  the  box  :  for  instance,  if  tlie 
temperature  of  that  corresponding  to  the  box  al 
10°  be  2°,  those  of  others  will  be  4**  and  6' re- 
spectively. 

The  truth  of  the  second  law  follows  from  the 
geometrical  principle  that  the  surface  of  a  sphere 
increases  as  the  square  of  its  radius.     Suppose 
a  hollow  sphere  ab  (fig.  352)  of  any  given  radioi,         ^ 
and  a  source  of  heat,  C,  in  its  centre  ;  each  unit        ^ 
of  surface  in  the  interior  receives  a  certain  quan-       % 
tity  of  heat.     Now  a  sphere,  ef  of  double  the  radius  will  present  a  suite 
four  times  as  great  ;  its  internal  surface  contains,  therefore,  four  times  ai 
many  units  of  surface,  and  as  the  quantity  of  heat  emitted  is  the  same,  ead 
unit  must  receive  one-fourth  the  quantity. 

To  demonstrate  the  same  law  experimentally,  a  narrow  tin  plate  box  it 
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n  (^  355^y  ^cd  with  hot  water,  and  coated  od  one  side  with  lampblack. 

thermopile  with  its  conical  reflector  is  placed  so  that  Its  face  Is  at 

(fttJli  dc^oite  distance^  co^  say  9  inches,  from  this  box,  and  the  cover 


m 


Fig*  3S> 

HBf  been  lowered,  the  needle  of  the  galvanometer  is  obser>-ed  to  be  de- 

Oed  through  $6^  for  example. 

[bow  the  pile  is  removed  to  a  distance,  CO  (fig.  3S4)}  double  that  of  co^ 

I  of  the  galvanometer  remains  the  same,  which  shows  that  the 

ivcs  the  sanie  amount  of  heat ;  the  same  is  the  case  if  the 
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Iftooved  to  three  or  four  times  the  distance.  This  result,  though 
•  la  oppositioEi  lt>  the  second  law,  really  confirms  it  For  at  first 
bKterf  ooly  receiv-es  heat  from  the  circular  portion  o^  of  the  side  of  the 
^v^Hs^  mtbe  second  ca»e,  the  circular  portion  AB  radiates  towards  it. 
L  as  tjic  Cn^  oofi/es  ACB  arid  act  are  similar,  and  the  height  of  ACB  Is 
Hi  Ite  oC  A^,  the  diameter  AB  is  double  tliat  of  ab^  and  therefore  the 

U  B 
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area  A6  is  four  times  as  great  as  that  of  ctb^  for  the  areas  of  circles  are 
proportional  to  the  squares  of  the  radii.  But  since  the  radiating  surface 
increases  as  the  square  of  the  distance,  while  the  galvanometer  is  stationary, 
the  heat  received  by  the  battery  must  be  inversely  as  this  same  square. 

The  third  law  is  demonstrated  by  means  of  the   following  experiment, 
which  is  a  modification  of  one  originally  devised  by  Leslie  (fig.  355) : — P 
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Fig.  355 

represents  the  thermomultiplier  which  is  connected  with  its  galvanometer, 
and  A  a  metal  cube  full  of  hot  water.  The  cube  being  first  placed  in  such 
a  position,  A,  that  its  front  face,  or,  is  vertical,  the  deflection  of  the  galvano- 
meter is  noted.  Supposing  it  amounts  to  45^,  this  represents  the  radiation 
from  ac.  If  this  now  be  turned  in  the  direction  represented  by  A',  die 
galvanometer  is  still  found  to  mark  45^ 

The  second  surface  is  larger  than  the  first,  and  it  therefore  sends  more 
rays  to  the  mirror.     But  as  the  action  on  the  thermometer  is  no  greater 
than  in  the  first  case,  it  follows  that  in  the  second  case,  where  the  rays 
are  oblique,  the   intensity  is  less  that  in   the  first  case,  where  they  are 
perpendicular. 

In  order  to  express  this  in  a  formula,  let  /  be  the  intensity  of  the  rays 
emitted  perpendicularly  to  the  surface,  and  i'  that  of  the  oblique  rays. 
These  intensities  are  necessarily  inversely  as  the  surfaces  ac  and  aV,  for  the 
effect  is  the  same  in  both  cases,  and  therefore  T  x  surface  o'^  •/  x  surface  #f; 

hence/'-/  — "';'  ^j"^'  ^-/ cos.  aoa" \  which  signifies  that  ike  inUnsUf 
surf*  ac        ac 

0/ oblique  rays  is  proportional  to  the  cosine  of  the  angle  which  these  raysfr^ 

with  the  nortnal  to  the  surface ;  for  this  angle  is  equal  to  the  angle  am* 

This  law  is  known  as  the  Icnv  of  the  cosine  ;  it  is,  however,  not  general ; 

Desains  and  De  la  Provostaye  have  shown  that  it  is  only  true  within  ttiy 

narrow  limits  ;  that  is,  only  with  bodies  which,  like  lampblack,  are  enttfcff 

destitute  of  reflecting  power  (423). 

415.  Mobile  equilibrium.    Tbeory  of  e¥ch«nre», — Prevost  of  Gcse>* 

suggested  the  following  hypothesis  in  reference  to  radiant  heat,  knofintf 

Prevosl's  theory  of  exchanges^  which  is  now  universally  admitted.   All  bote* 

whatever  their  temperatures,  constantly  radiate  heat  in   all  directkMBS^   V 

we  imagine  two  bodies  at  different  temperatures  placed  near  one  anodMli 

the  one  at  a  higher  temperature  will  experience  a  loss  of  heat,  its  tempeiiMt 

will  sink,  because  the  rays   it  emits  are  of  greater  intensity  than  those  I 

receives  ;  the  colder  body,  on  the  contrary,  will  rise  in  temperature,  becafltt 

it  receives  rays  of  greater  intensity  than  those  which  it  emits.    Ukimaltif 
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the  temperature  of  both  bodies  becomes  the  same,  but  heat  is  still  exchanged 
between  them,  only  each  receives  as  much  as  it  emits,  and  the  temperature 
remains  constant.     This  state  is  called  the  mobile  equilibrium  0/ temperature. 

416.  W«wtoB's  law  of  ooollnff. — A  body  placed  in  a  vacuum  is  only 
cooled  or  heated  by  radiation.  In  the  atmosphere  it  becomes  cooled  or 
heated  by  its  contact  with  the  air  according  as  the  latter  is  colder  or  hotter 
than  the  radiating  body.  In  both  cases  the  velocity  of  cooling  or  of  heating 
—that  is,  the  quantity  0/ heat  lost  or  gained  in  a  second — is  greater  accord- 
ing as  the  difference  of  temperature  is  greater. 

Newton  enunciated  the  following  law  in  reference  to  the  cooling  or 
l>eaiing  of  a  body  : — The  quantity  o/heat  lost  or  gained  by  a  body  in  a  second 
is  proportional  to  the  difference  between  its  temperature  and  that  of  the  sur- 
roitfuUng  medium,  Dulong  and  Petit  have  proved  that  this  law  is  not  so 
Seneral  as  Newton  supposed,  and  only  applies  where  the  differences  of 
temperature  do  not  exceed  1 5®  to  20®.  Beyond  that,  the  quantity  of  heat  lost 
or  gained  is  greater  than  that  required  by  this  law. 

Two  consequences  follow  from  Newton's  law  : — 

I.  WTien  a  body  is  exposed  to  a  constant  source  of  heat,  its  temperature 
te  not  increase  indefinitely,  for  the  quantity  which  it  receives  in  the  same 
tine  is  always  the  same  ;  while  that  which  it  loses  increases  with  the  excess 
^  its  temperature  over  that  of  the   surrounding  medium.     Consequently 

*  point  is  reached  at  which  the  quantity  of  heat  emitted  is  equal  to  that 
*J«orbcd,  and  the  temjjerature  then  remains  stationar>'. 

II.  Newton's  law,  as  applied  to  the  differential  thermometer,  shows  that 
^  bdications  are  proportional  to  the  quantities  of  heat  which  it  receives. 
'f  one  of  the  bulbs  of  a  differential  thermometer  receives  rays  of  heat  from 

*  constant  source,  the  instrument  exhibits,  first,  increasing  temperature,  but 
Bernards  becomes  stationary.  In  this  case,  the  quantity  of  heat  which  it 
"^^vcs  is  equal  to  that  which  it  emits.  But  the  latter  is  proportional  to  the 
^ess  of  the  temperature  of  the  bulb  above  that  of  the  surrounding  atmo- 
H*cre— that  is,  to  the  number  of  degrees  indicated  by  the  thermometer  ; 
^*sequently,  the  temperature  indicated  by  the  differential  thermometer  is 
J^oponional  to  the  quantity  of  heat  it  receives. 

REFLECTION   OF   HEAT. 

417.  **w»  of  refleotioB. — When  thermal  rays  fall  upon  a  body  they  are, 
^P^ing  generally,  divided  into  two  parts,  one  of  which  penetrates  the  body 
*iiile  the  other  rebounds  as  if  repelled  from  the 

«rfw:e  like  an  elastic  ball.     This  is  said  to  be  D 

^Ctid, 

If  iPM  be  a  plane  reflecting  surface  (fig.  356),      a  j  c 

CB  an  incident  ray,  D©  a  line  perpendicular  to       ^  \      ^  "  - ...  ''•       ^ 
Aesorfacc  called  the  normal,  ^^^  BA  the  re-  "^  ^  y    " 

iict€dray\  the  angle  CBD  is  called  the  angle  i^ 

*f  incidence,  and  DBA  \\\^  angle  of  reflection,       ^  ^ 

The  reflection  of  heat,   like   that  of  light,    is  Fig.  356. 

rwemed  by  the  two  following  laws  : — 

I.  The  angle  of  reflection  is  equal  to  the  angle  of  incidence. 

B  B  2 
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I L  Bath  the  tnddent  and  ilu  refiecied  ray  art  in  the  same  pl^me  with  ik^ 

norfnai  to  the  rejkcfinj^  surface. 

41S.  Xxperlmentel  <l«iDOii«tratloii  of  tiie  Inwft  of  refleetton  of  %mm.u — 

This  may  be  effected  by  means  of  Melloni^s  thermopile  and  also  by  the  con* 
jugate  mirrors  (430).  Fig^.  357  represents  the  arrany:cmcnt  adopted  in  the 
former  case.  MN  is  a  horizontal  bar^  about  a  metre  in  Icnj^h,  ^^idualed  in 
millimetres,  on  which  slide  various  parts,  wliich  can  be  clamped  by  means 
of  screws.  The  source  of  heat,  S,  is  a  platinum  spiral,  kept  at  a  while  heat 
in  a  spirit  lamp,  A  screen  K,  when  raised,  cuts  off  the  radiation  from  the 
source  ;  a  second  screen^  F,  with  an  aperture  in  the  centre,  gives  the  ri>s  a 
parallel  direction.  At  the  other  end  is  an  upright  rod,  I^  with  a  graduated 
dial,  the  zero  of  which  is  in  ihe  direction  of  MN,  and  therefore  parallel  M> 
the  pencil  Sw.  In  the  centre  of  the  dial  is  an  aperture,  in  which  turns  dia 
axis  tliat  supports  a  metallic  mirror  m.    About  this  axis  turns  an  index,  R, 


.i__i 


on  which  is  fixed  the  thermopile,  P,  in  connection  with  the  galvanotii^ 
W  is  a  screen,  the  object  of  which  is  to  cut  off  any  direct  radiation  u 
source  nf  heat  towards  the  pile.  In  order  not  to  mask  the  pile,  it  i> 
presented  in  the  position  it  occupies  in  the  experiment. 

By  lowering  the  screen  K,  a  pencil  of  parallel  rays,  passin;^  ' 
aperture  F,  falls  fiom  the  mirror  m^  and  is  there  reflected.     If 
is  n«>t  in  the  direction  of  the  reflected  pencil,  this  latter  does  nul  IaU  i 
the  pile,  and  the  needle  of  the  g;ilvanomcler  remains  stationary  ;  but  I 
slowly  turning  the  index  R,  a  position  is  found  at  which  the  gaJy 
attains  its  greatest  deviation,  which  is  the  case  when  the  pile  receiv«i  1 
reflected  pencil  perpendicularly  to  its  surface,     Reading  off  then  on  the  ( 
the  position  of  a  small  needle  perpendicular  to  the  mirror,  it  is  observed  I 
this  bisects  the  angle  formed  by  the  incident  and  the  reflected  pcndl,  wbd 
demonstrates  the  first  law. 

The  second  law  is  also  proved  by  the  same  experiment,  for  the  varitwi 
pieces  of  the  apparatus  are  arranged  so  that  the  incident  and  reflected 
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are  in  the  same  horizontal  plane,  and  therefore  at  right  angles  to  the  reflect- 
ing surface,  which  is  vertical. 

419^  Befleetimi  ft^m  omieaTe  mirrors. — Concave  mirrors  or  reflectors 
arc  polished  spherical  or  parabolic  surfaces  of  metal  or  of  glass,  which  are 
used  to  concentrate  luminous  or  calorific  rays  in  the  same  point 

We  shall  only  consider  the  case  of  spherical  mirrors.  Fig.  359  represents 
t»o  of  these  mirrors  ;  fig.  358  gives  a  medial  section,  which  is  called  the 


Fig.  358. 


t^indpal  section.  The  centre  C  of  the  sphere  to  which  the  mirror  belongs 
•=  called  the  centre  of  curvature  ;  the  point  A,  the  middle  of  the  reflector,  is 
'^'^  centre  of  the  figure  \  the  straight  line  AB  passing  through  these  points, 
^  '^t  principal  axis  of  the  mirror. 

In  order  to  apply  to  spherical  mirrors  the  laws  of  reflection  from  plane 
ii^rliccs,  they  are  considered  to  be  composed  of  an  infinite  number  of  in- 
fJi:teIy  small  plane  surfaces,  each  belonging  to  the  corresponding  tangent 
P-^ic  ;  the  normals  to  these  small  surfaces  are  all  radii  of  the  same  sphere, 
*n(i  therefore  meet  at  its  centre,  the  centre  of  curvature  of  the  mirror. 

Suppose  now,  on  the  axis  AB  of  the  mirror  MX,  a  source  of  heat  so 
Ciiunt  that  the  rays  EK,  PH  ,  .  .  .  which  start  from  it  may  be  considered 
^'pardlleL  From  the  hypothesis  that  the  mirror  is  composed  of  an  infini- 
-'•t  of  small  planes,  the  ray  EK  is  reflected  from  the  plane  K  just  as  from 
*  P^nc  mirror ;  that  is  to  say,  CK  being  the  normal  to  this  plane,  the 
^>aed  ray  takes  a  direction  such  that  the  angle  CKF  is  equal  to  the 
^VJc  CKE.  The  other  rays,  PH,  GI  .  .  .  .  are  reflected  in  the  same 
^iOer,  and  all  converge  approximately  towards  the  same  point  F,  on  the 
'^'  AC.  There  is  then  a  concentration  of  the  rays  in  this  point,  and  conse- 
H^r/Jy  a  higher  temperature  than  at  any  other  point.  This  point  is  called 
'^^ft^cus,  and  the  distance  from  the  focus  to  the  mirror  at  A  is  i\\G  /oca/ 
^unce. 

In  the  above  figure  the  heat  is  propagated  along  the  lines  EKF,  LDF,  in 
the  direction  of  the  arrows  ;  but,  conversely,  if  the  heated  body  be  placed  at 
^the  heat  is  propagated  along  the  lines  FKE,  FDL,  so  that  the  rays  emitted 
^  the  ffx:us  arc  nearly  parallel  after  reflection. 

43a  Vmrlfleation  of  the  laws  of  refleotioD.-- The  following  experiment, 
'tich  was  made  for  the  first  time  by  Pictct  and  Saussurc,  and  which  is 
icown  as  the  experiment  of  the  conjugate  mirrors^  demonstrates  not  only 
ilic  exiittnce  of  the  foci,  but  also  the  laws  of  reflection.  Two  reflectors 
M  knd  N  (fig.  359;,  are  arranged  at  a  distance  of  4  to  5  yards,  and  so  that 


374 


On  Heat. 


[4S0- 


their  axes  coincide.  In  the  focus  of  one  of  them,  A,  is  placed  a  small  wire 
basket  containing  a  red-hot  iron  ball.  In  the  focus  of  the  other  is  placed 
B,  an  inflammable  body,  such  as  gun-cotton  or  phosphorus.  The  rays 
emitted  from  the  focus  A  are  first  reflected  from  the  mirror  M,  in  a  direction 
parallel  to  the  axis  (419),  and  impinging  on  the  other  mirror,  N,  are  reflected 
so  that  they  coincide  in  the  focus  B.  That  this  is  so,  is  proved  by  the  fact 
that  the  gun-cotton  at  this  point  takes  fire,  which  is  not  the  case  if  it  is  above 
or  below  it. 

The  experiment  also  serves  to  show  that  light  and  heat  are  reflected  in 
the  same  manner.  For  this  purpose  a  lighted  candle  is  placed  in  the  focus 
of  A,  and  a  ground  glass  screen  in  the  focus  of  B,  when  a  luminous  focus  is 
seen  on  it  exactly  in  the  spot  where  the  gun-cotton  ignites.  Hence  the 
luminous  and  the  calorific  foci  are  produced  at  the  same  point,  and  the 
reflection  takes  place  in  both  cases  according  to  the  same  laws,  for  it  will  be 


Fie  359. 

afterguards  shown  that  for  light,  the  angle  of  reflection  is  equal  to  the  angfc 
of  incidence,  and  that  both  the  incident  and  the  reflected  rays  are  in  the  same 
plane  perpendicular  to  the  plane  reflecting  surface. 

In  consequence  of  the  high  temperature  produced  in  the  foci  of  conca« 
mirrors  they  have  been  called  burning  mirt'ors.  It  is  stated  that  .^icbi- 
medes  burnt  the  Roman  vessels  before  S>Tacuse  by  means  of  such  mirrois. 
Buffon  constructed  burning  mirrors  of  such  power  as  to  prove  that  the  fetf 
attributed  to  Archimedes  was  not  impossible.  The  mirrors  were  madcrfi 
number  of  silvrred  plane  mirrors  about  8  inches  long  by  5  broad.  Th«y 
could  be  turned  independently  of  each  other  in  such  a  manner  that  the  rays 
reflected  from  each  coincided  in  the  same  point.  With  128  mirrors  and  a 
hot  summer's  sun  lUiffon  ignited  a  plank  of  tarred  wood  at  a  distance  of  70 
yards. 
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421.  ■•■•ofloM  ta  m  ▼••««&. — Heat  is  reflected  in  a  vacuum  as  well  as 
m  air,  as  is  seen  from  the  following  experiment  (fig^  560),  due  to  Sir  Hum- 
phry Davy.  Two  small  concave  reflectors  were  placed  opposite  each  other 
voder  the  receiver  of  an  air-pump.  In  the  focus  of  one  was  placed  a  delicate 
thennometer,  and  in  the  focus  of  the  other  a  platinum  wire  made  incandescent 
by  means  of  a  galvanic  current.  The  thermometer  was  immediately  seen  to 
lise  se\-eral  degrees,  which  could  only  be  due  to  reflected  heat,  for  the  ther- 
mometer did  not  show  any  increase  of 
temperature  if  it  were  not  exactly  in 
the  focus  of  the  second  reflector. 

422.  A99Mr«at  vefleetloB  of  eMd. 
If  two  mirrors  are  arranged  as  repre- 
sented in  flg.  359,  and  a  piece  of  ice  is 
placed  in  one  of  the  foci  instead  of  the 
Ttd-hot  ball,  the  surrounding  tempera- 
nre  being  greater  than  zero,  a  difle- 
ftniial    thermometer    placed    in   the 
focus  of  the  second  reflector  woula  ex- 
bibit  a  decrease    in   temperature  of 
^eral    dcf^rees.      This    appears    at 
'.r;t  if»  \yt  c.iused  by  the  emission  of 
'^'s-nfit  rays  from   ice.     It  is,  how- 
ever, easily  explained  from  what  has 
>tn  said  about  the  mobile  equilibrium 
'"'•tTiiperature  (415)-   There  is  still  an 
:t''rrhange  of  temperature,  but  here 

'*^«  thermometer  is  the  warmest  body.  As  the  rays  which  the  thermometer 
^'"3  are  hotter  than  those  emitted  by  the  ice,  the  former  gives  out  more 
'■^'.  :han  it  receives,  and  hence  its  temperature  sinks. 

The  sensation  of  cold  experienced  when  we  stand  near  a  plaster  or  stone 
*4-i  whose  temperature  is  lower  than  that  of  our  body,  or  when  we  stand  in 
^^.:  fif  a  wall  of  ice,  is  explained  in  the  same  way. 

i'}.  BefleetlBff  power. — The  reflecting  pouter  of  a  substance  is  its  pro- 
r*'^"  of  throwing  off  a  greater  or  less  proportion  of  incident  heat. 

This  power  varies  in  different  substances.     In  order  tt)  study  this  power 

"'different  bodies  without  having  recourse  to  as  many  reflectors,  Leslie 

i-'ras^'cd  his  experiment  as  shown  in   fig,  361.     The  source  of  heat  is  a 

^^jral  canibter,  M,  now  known  as  Leslies  cube^  filled  with  hot  water.     A 

K-itc,  0,  of  the  substance  to  be  experimented  upon  is  placed  on  the  axis  of  a 

'^tin^  mirror  between  the  focus  and  the  mirror.     In  this  m.inner  the  rays 

*!it:td  b>*  the  source  are  first  reflected  from  the  mirror  and  impinge  on  the 

fee  J,  where  they  are  again  reflected  and  converge  to  the  focus  between  the 

fee  and  the  mirror,  at  which  point  a  differential  thennometer  is  placed. 

The  reflector  and  the  thermometer  are  always  in  the  same  )K)sition,  and  the 

*»!er  Cif  the  cube  is  always  kept  at  100^,  but  it  is  found  that  the  tcmpeniture 

"■<::caicd  by  the  thermometer  varies  with  the  nature  of  the  plate.     This 

~ie:h'id  ;;i\  es  a  means  of  determining,  not  the  a])solutc  rctlectin^^  power  of  a 

■'<y,  t/jt  \u  power  relatively  to  that  of  some  body  taken  as  a  standard  of 

^o.*r.pari30n.     For  from  what  has  been  said  on  the  application  of  Newton's  law 


Fig.  360. 
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to  the  differential  thennometer  (416),  the  temperatures  which  this  instrument 
indicates  are  proportional  to  the  quantities  of  heat  which  it  receives.  Hence, 
if  in  the  above  experiment  a  plate  of  glass  causes  the  temperature  to  rise  1° 
and  a  plate  of  lead  6°,  it  follows  that  the  quantity  of  heat  reflected  by  the 
latter  is  six  times  as  great  as  that  reflected  by  the  former.  For  the  heat 
emitted  by  the  source  remains  the  same,  the  concave  reflector  receives  the 
same  portion,  and  the  difference  can  only  arise  from  the  reflecting  power  of 
the  plate  a. 


Fig.  361. 


By  this  method  Leslie  determined  the  reflecting  powers  of  the  followirft^ 
substances,  relatively  to  that  of  brass,  taken  as  100  : — 

Polished  brass .  100  Indian  ink  .                 •     U 

Silver        ....  90  Glass          .  .         .        .10 

Steel         ....  70  Oiled  glass  ...      5 

Lead         ....  60  Lampblack  .        .        .      o 

The  numbers  only  represent  the  relative  reflecting  power  as  compirrf 
with  that  of  brass.  Their  absolute  power  is  the  relation  0/  the  quantity  tf 
heat  reflected  to  the  quantity  of  heat  received.  Dcsains  and  l3e  la  Pro\-ostai|t» 
who  examined  the  absolute  reflecting  power  of  certain  metals,  obtained  tlK 
following  results  by  means  of  Melloni's  thermomultiplier  (412),  the  he< 
being  reflected  at  an  angle  of  50^  : — 


Silver  plate 
Gold 
Brass 
Platinum  . 


0-97 

Steel 

095 

Zinc 

003 

Iron 

083 

Cast  iron 

0-82 
o"8i 
077 
074 
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424.  Aitaorbtav  power. — The  absorbing  power  of  a  body  is  its  property 
of  alloHing  a  greater  or  less  quantity  of  the  heat  which  falls  upon  it  to  pass 
into  its  mass.  Its  absolute  value  is  the  ratio  of  the  quantity  of  heat  absorbed 
to  the  quantity  of  heat  received. 

The  absorbing  power  of  a  body  is  always  inversely  as  its  reflecting 
pom-er  :  a  body  which  is  a  good  absorbent  is  a  bad  reflector,  and  vice  versd. 
It  was  formerly  supposed  that  the  two  powers  were  exactly  complementary, 
that  the  sum  of  the  reflected  and  absorbed  heat  was  equal  to  the  total  quan- 
tit\'  of  incident  heat  This  is  not  the  case  ;  it  is  always  less  :  the  incident 
heat  is  divided  into  three  parts — 1st,  one  which  is  absorbed  ;  2nd,  another 
which  is  reflected  regularly — that  is,  according  to  laws  previously  demon- 
strated 417) ;  and  a  third,  which  is  irregularly  reflected  in  all  directions, 
and  which  is  called  scattered  or  diffused  heat. 

In  order  to  determine  the  absorbing  power  of  bodies,  Leslie  used  the 

apparatus  which  he  employed  in  determining  the  reflecting  powers  (423). 

But  he  suppressed  the  plate  a,  and  placed  the  bulb  of  the  thermometer  in 

4e  focus  of  the  reflector.    This  bulb  being  then  covered  successively  with 

^pblack,  or  varnish,  or  with  gold,  silver,  or  copper  foil,  &c.,  the  thermo- 

n^^er  exhibited  a  higher  temperature  under  the  influence  of  the  source  of 

^«.  M,  according  as  the  substance  with  which   the  bulb  was  covered 

*j>'>'-'jed  more  heat     Leslie  found  in  this  way  that  the  absorbing  power  of 

iVjcv  is  greater  the  less  its  reflecting  power.     In  these  experiments,  how- 

*_^tr.  the  relation  of  the  absorbing  powers  cannot  be  deduced  from  that  of 

'•1^  temperatures  indicated  by  the  thermometer,  for  Newton's  law  is  not 

t*i''*-y  applicable  in  this  case,  .is  it  only  i)rcvails  for  bodies  whose  substance 

'i''^-  not  var\',  and  here  the  covering  of  ttic  bulb  varied  with  each  obserx-a- 

'"  r.     hut  wc  shall  presently  show  (426;  liow  the  comparative  absorbing 

'^'*cr3  may  be  deduced  from  the  ratios  of  the  emissive  powers. 

Taking,  as  a  source  of  heat,  a  canister  tilled  with  water  at  100°  Melloni 
^•••'''..  b>-  means  i>f  the  thcrmomultiplier,  the  following  relative  absorbing 

.  .  .  85 
.  72 
.      13 

^•f.  BadlatiBff  power. — The  rtidia/ift^  nr  emissi-'C  po'urr  o{  a  body  is 
'•■  ■•t;iiSiIi:y  of  emitting,  at  the  same  tem])erature,  and  with  the  same  extent 
'^•^rface.  ;;reaier  or  less  quantities  of  heat. 

TJi^  apparatus  represented  in  fig.  361  was  also  used  by  Leslie  in  deter- 

Ot::,^  the  radiating  power  of  bodies.     For  this  purjxise  the  l)ulb  of  the 

^^ometer  uaj>  placed  in  the  focus  of  the  reflector,  and  the  faces  of  the 

Ctt.^!'.'r  M    were   formed   of  different   metals,   or   covered   witti   different 

•o^'STancfs  »uch  as  lampblack,  pajwr,  &(:.     The  cube  being  filled  with  hot 

»«fr.  at  loo",  and  all  other  conditions  remainin^^  the  same,  Leslie  turned 

fitrh  f;ice  of  the  cul)C  successively  towards  the  reflectors,  and  noted  the 

'^.perature  each  time.    That  face  which  was  coaled  with  lampblack  caused 

^'•t  ;Teatest  elevation  of  temperature,  and  the  nu-tal  faces  the  least.   Applyin;^' 

\e»":nrji  Uw.  and  representing  the  heat  emitted  by  lampblack  as  100,  Leslie 

^•rmed  the  following  table  of  radiating  iK)wers  : — 


i-'inpblack 

100 

Indian  ink 

*\;ii:c  lead 

100 

Shellac  . 

lMii-!a>s  . 

.       91 

Metals  . 
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Lampblack  .100  Tarnished  lead  .  -45 

White  lead  .100  Mercury     ....     20 

Paper       ....      98  Polished  lead     .  -19 

Ordinary  white  glass  90  Polished  iron     .        .        .15 

Isinglass  ....       80  Tin, gold, silver, copper, &c     12 

It  will  be  seen  that,  in  this  table,  the  order  of  the  bodies  is  exactly  th 
reverse  of  that  in  the  tables  of  reflecting  powers. 

The  radiating  powers  of  several  substances  were  determined  by  Desain 
and  De  la  Provostaye,  who  used  the  thermomultiplier.  They  found  in  thi 
manner,  the  following  numbers  compared  with  lampblack  as  100  : — 

Platinum  foil io*8o 

Burnished  platinum 9*50 

Silver  deposited  chemically 5*36 

Copper  foil 4*90 

Gold  leaf 4-28 

Pure  silver  laminated 3*00 

„           burnished 2*50 

„           deposited  chemically  and  burnished     .  2*25 

It  appears,  therefore,  that  the  radiating  power  found  by  Leslie  for  die 
metals  is  too  large. 

426.  Identity  of  tlie  mbsorbliiff  and  radintinr  powers. — The  absoib* 
ing  power  of  a  body  cannot  be  accurately  deduced  from  its  reflecting  poweii 
because  the  two  are  not  exactly  complementary.  But  the  absorbing  po"* 
would  be  determined  if  it  could  be  shown  that  in  the  same  body  it  is  eqarf 
to  the  radiating  power.  This  conclusion  has  been  drawn  by  Dulong  aii 
Petit  from  the  following  experiments  : — In  a  large  glass  globe,  blackened €• 
the  inside,  was  placed  a  thermometer  at  a  certain  temperature,  1 5**  fbr  O- 
ample  ;  the  globe  was  kept  at  zero  by  surrounding  it  with  ice,  and  harilC 
been  exhausted  by  means  of  a  tubulure  connected  with  the  air-pump,  tbctiat 
was  noted  which  elapsed  while  the  thermometer  fell  through  5°.  Theciptfr 
ment  was  then  made  in  the  contrary  direction  :  that  is,  the  sides  of  the  globt 
were  heated  to  15°,  while  the  thermometer  was  cooled  to  zero  :  the  timcw* 
then  observed  which  the  thermometer  occupied  in  rising  through  5^  Itw» 
found  that  this  time  was  exactly  the  same  as  that  which  the  thermomeW 
had  taken  in  sinking  through  5°,  and  it  was  thence  concluded  that  thi 
radiating  power  is  equal  to  the  absorbing  power  for  the  same  body,  and  fc 
the  same  difference  between  its  temperature  and  the  temperature  of  the  9t^ 
rounding  medium,  because  the  quantities  of  heat  emitted  or  absorbed  in  Ai 
same  time  are  equal. 

This  point  may  also  be  demonstrated  by  means  of  the  following  apparam 
devised  by  Ritchie.  Fig.  362  represents  what  is  virtually  a  differenttiii 
thermometer,  the  two  glass  bulbs  of  which  are  replaced  by  two  C)iindricrf 
reser\'oirs  B  and  C,  of  metal,  and  full  of  air.  Between  them  is  a  third  *i 
larger  one  A,  which  can  be  filled  with  hot  water  by  means  of  a  tubohi^ 
The  ends  of  B  and  of  A,  which  face  the  right,  are  coaled  with  lampblack; 
those  of  C  and  of  A,  which  face  the  left,  are  either  painted  white,  or  «i 
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coated  ^ith  silver  foil.    Thus  one  of  the  two  faces  opposite  each  other  is 

black,  and  the  other  white  ;  hence  when  the  cylinder  A  is  filled  with  hot 

water,  its  white  face  radiates  towards  the  black  face  of  B,  and  its  black  face 

towards  the  white  face  of  C.     In  these  circum- 

itanccs  the  liquid  in  the  stem  does  not  move, 

indicating  that  the  two  reservoirs  are  at  the 

same  temperature.      On  the  one  hand,  the 

^atcr  emissive  power  of  the  black  face  of  A 

IS  compensated  by  the  smaller  absorptive  power 

of  the  white  face  of  C  ;  while,  on  the  other 

hand,  the  feebler  radiating  power  of  the  white 

iace   of  A    is  compensated    by  the  greater 

Absorbing  power  of  the  black  face  of  B. 

The  experiment  may  be  varied  by  replacing 
the  tuo  white  faces  by  discs,  of  paper,  glass, 
porcelain,  &c. 

427.  Omoses  wlUoli  modify  the  refleetlnff, 
tWof%liiCff  iuid  imdiatiBff  powers. — As  the 
^iating  and  absorbing  powers  are  equal,  any 
ciuse  which  affects  the  one  affects  the  other 
i-i'-.  And  as  the  reflecting  power  varies  in 
i::r.\erbe  manner,  whatever  increases  it  dimi- 
^iTfra  the  radiating  and  absorbing  pK)wers,  and 
"'^i zersti.  ^  " 

It  hab  been  already  stated  that  these  different  powers  vary  with  different 
*<.ci,  and  that  metals  have  the  greatest  reflecting  power,  and  lampblack 
^  irast.  In  the  same  body  these  powers  are  modified  by  the  degree  of 
f*j--h,  the  density,  the  thickness  of  the  radiating  substance,  the  obliquity  of 
^t  incident  or  emitted  rays,  and,  lastly,  by  the  nature  of  the  source  of  heat. 

it  has  l>een  usually  assumed  that  the  reflecting  power  increases  with  the 
'/'■'ih  of  the  surface,  and  that  the  other  powers  diminish  therewith.  But 
^■?'i'"ni  showed  that  Ijy  scratching  a  polished  metallic  surface  its  reflecting 
^'*er  u.-i-j  sometimes  diminished  and  sometimes  increased.  This  pheno- 
^■^.'•T,  he  attributed  to  the  greater  or  less  density  of  the  reflecting  surface. 
'f  '''.t  pi.ite  had  been  originally  hammered,  its  homogeneity  would  be 
tf:*:.v.trl  by  this  process,  the  molecules  would  be  closer  together  on  the 
'-'iirt  th.'in  in  the  interior,  and  the  reflecting  power  would  be  increased, 
f'-'  if  rh??  ".urfiif  e  is  scratched,  the  internal  and  less  dense  mass  becomes 
*v-''f'.  .:nd  the  reflecting  power  diminished.  On  the  contrar)-,  in  a  plate 
*'^^  ha»  nm  been  hammered,  and  which  is  homogeneous  the  reflecting' 
?  '^r  :-  increa-^ed  when  the  plate  is  scratched,  because  the  density  at  the 
*^.irc  is  increased  by  the  scratches. 

NftH'^ni  found  that  when  the  faces  of  a  cube  filled  with  water  at  a  constant 
feiiitrarure  were  varni<:hed,  the  emissive  power  increased  with  the  number 
*^  iii^r-j  up  to  16  layers,  while  above  that  point  it  remained  constant, 
•-it'-.cr  the  number.  The  thickness  of  the  16  layers  was  calculated  to  be 
^^TTi.  With  reference  to  metals,  gold  leaves  of  0008,  0*004,  and  0*002 
'•  :j  r-:!;irr.etre  in  thickness,  having  been  successively  applied  on  the  sides 
•J^i'-jbe  of  glass,  the  diminution  of  radiant  heat  was  the  same  in  each  case. 
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It  appears,  therefore,  that,  beyond  certain  limits,  the  thickness 
diating  layer  of  metal  is  without  influence. 

The  absorbing  power  is  greatest  when  the  rays  are  at  right  i 
it  diminishes  in  proportion  as  the  incident  rays  deviate  from  t 
This  is  one  of  the  reasons  why  the  sun  is  hotter  in  summer  thai 
because,  in  the  former  case,  the  sun's  rays  are  less  oblique. 

The  radiating  power  of  gaseous  bodies  in  a  state  of  combust 
weak,  as  is  seen  by  bringing  the  bulb  of  a  thermometer  near  s 
flame,  the  temperature  of  which  is  very  high.  But  if  a  platinui 
placed  in  this  flame,  it  assumes  the  temperature  of  the  flame,  a] 
a  great  amount  of  heat,  as  is  shown  by  the  thermometer.  Fo 
reason  the  flames  of  oil  and  of  gas  lamps  radiate  more  than  : 
flame  in  consequence  of  the  excess  of  carbon  which  they  o 
which,  not  being  entirely  burned,  becomes  incandescent  in  the  fU 

428.  MellOBl*s  researelies  on  radiant  beat.— For  our  kn 
the  phenomena  of  the  reflection,  emission,  and  absorption  of 
have  up  to  now  been  described,  science  is  indebted  mainly  to  1 
since  his  time  the  discovery  of  other  and  far  more  delicate  m< 
tecting  and  measuring  heat,  has  not  only  extended  and  coi 
previous  knowledge,  but  has  led  to  the  discover>'  of  other  ph< 
radiant  heat,  which,  without  such  improved  means,  must  hav< 
unknown. 

This  advance  in  science  is  due  to  an  Italian  philosopher,  M 
first  applied  the  thermo-electric  pile,  invented  by  Nobili,  to  the  m 
of  ver)'  sjnall  differences  of  temperature  ;  a  method  of  which  a  ] 
account  has  already  been  given  (412). 

I 


double  draught ;  3rd,  a  platinum  spiral,  kept  red-hot  by  a  spiril 
364)  ;    4th,  a  blackened  copper  plate,  kept  at  a  temperature  of 
by  a  spirit  lamp  (tig.  365) ;  5th,  a   copper   tube,   blackened  on 
and  filled  with  water  at  100°  i^fi^'.  366). 

429.  Bynamioal  tbeory  of  beat.  -Hefore  describing  the  res 
at  by  Melloni  and  others,  it  will  be  convenient  to  explain  here  th 
generally  taken  as  to  the  mode  in  which  heat  is  propagated.  Fo 
information  the  chapter  on  the  .Mechanical  Theor>-  of  Heat  and  \ 
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should  be  read.  According  to  what  has  already  been  stated  (292),  a 
idy  is  nothing  more  than  one  whose  particles  are  in  a  state  of  vibration, 
igher  the  temperature  of  the  body,  the  more  rapid  are  these  vibrations, 
diminution  in  temperature  is  but  a  diminished  rapidity  of  \ibration  of 
irtides.  The  propagation  of  heat  through  a  bar.  is  due  to  a  gradual 
onication  of  this  vibratory  motion  from  the  heated  part  to  the  rest  of 
ir.  A  good  conductor  is  one  which  readily  takes  up  and  transmits  the 
ory  motion  from  particle  to  particle,  while  a  bad  conductor  is  one  which 
up  and  transmits  the  motion  with  difficulty.  But  even  through  the  best 
ctors  the  propagation  of  this  motion  is  comparatively  slow.  How  then 
t  to  explain  the  instantaneous  perception  of  heat  experienced  when  a 
I  is  removed  from  a  fire,  or  when  a  cloud  drifts  from  the  face  of  the 
In  this  case,  the  heat  passes  from  one  body  to  another  without  affect - 
e  temperature  of  the  medium  which  transmits  it.  In  order  to  explain 
phenomena,  it  is  imagined  that  all  space,  the  interplanetary  spaces  as  well 
I  interstices  in  the  hardest  crystal  or  the  heaviest  metal — in  short,  matter 
f  kind — is  permeated  by  a  medium  having  the  properties  of  a  fluid  of 
Tt  tenuity,  called  ether.  The  particles  of  a  heated  body  being  in  a  state  of 
lely  rapid  vibration,  communicate  their  motion  to  the  ether  around  them, 
ing  it  into  a  system  of  waves  which  travel  through  space  and  pass  from 
ody  to  another  with  the  velocity  of  light  When  the  undulations  of  the 
reach  a  given  body,  the  motion  is  again  delivered  up  to  the  particles  of 
)ody.  which  in  turn  begin  to  vibrate  ;  that  is,  the  body  becomes  heated, 
passage  of  motion  through  the  hypothetical  ether  is  termed  radiation, 
khat  is  called  a  ray  of  heat  is  merely  the  direction  of  the  motion  of  one 
■»  of  waves. 

;  will  facilitate  the  understanding  of  this  to  consider  the  analogous  mode 
lich  sound  is  produced  and  propagated.  A  sounding  body  is  one  whose 
e  mass  is  in  a  state  of  vibration  (222)  ;  the  more  rapid  the  rateof  vibra- 
the  more  acute  the  sound  ;  the  slower  the  rate  of  vibration,  the  deeper 
ound.  This  \ibratory  motion  is  communicated  to  the  surrounding  air,  by 
a  of  which  the  vibrations  reach  the  auditory  nerve,  and  there  produce 
ensation  of  sound.  If  a  metal  ball  be  heated,  say,  to  the  temperature 
■Hlin^j  water,  we  can  ascertain  that  it  radiates  heat,  although  we  cannot 
iny  luminosity ;  and  if  its  temperature  be  gradually  raised,  we  see  it 
me  successively  of  a  dull  red,  bright  red,  and  dazzling  white.  At  each 
cular  tem[}erature  the  heated  body  emits  waves  of  a  definite  length  ;  in 
r  words,  its  particles  vibrate  in  a  certain  period.  As  its  temperature 
I  h  sends  out  other  and  more  rapid  vibrations,  which  coexist,  however, 
all  those  which  it  had  previously  emitted.  Thus  the  motion  at  e.ich 
essive  temi>erature  is  compounded  of  all  preceding  ones. 
t  has  been  seen  that  vibrations  of  the  air  below  and  above  a  certain  rate 
01  affect  the  auditory  nerve  (244) ;  it  can  only  take  up  and  transmit  to  the 
Q  vibrations  of  a  certain  periodicity.  So  too  with  the  vibrations  which 
luce  light.  The  optic  nerve  is  insensible  to  a  large  number  of  wave- 
th^  It  can  apprehend  only  those  waves  that  form  the  visible  spectrum. 
K  rate  of  undulation  be  slower  than  the  red  or  faster  than  the  violet, 
gh  intense  motion  may  pass  through  the  humours  of  the  eye  and  fall 
I  the  retina,  yet  we  shall  be  utterly  unconscious  of  the  fact,  for  the 
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optic  nerve  cannot  take  up  and  respond  to  the  rate  of  vibrations  which  exist 
beyond  the  visible  spectrum  in  both  directions.  Hence,  these  are  termed 
invisible  or  obscure  rays.  A  vast  quantity  of  these  obscure  rays  is  emitted 
by  flames  which,  though  intensely  hot,  are  yet  almost  non-luminous,  such 
as  the  oxy-hydrogen  flame,  or  that  of  a  Bunsen's  burner ;  for  the  vibra- 
tions which  these  emit,  though  capable  in  part  of  penetrating  the  media 
of  the  eye,  are  incapable  of  exciting  in  the  optic  nerve  the  sensation  of 
light. 

430.  Tlieniua  analysis  of  solar  llfflit. — When  a  beam  of  sunlight  (fig. 
367),  admitted  through  an  aperture  in  a  dark  room,  is  concentrated  on  a 


Fig.  367. 

prism  of  rock  salt  by  means  of  a  lens  of  the  same  material,  and  then,  after 
emerging  from  the  prism,  is  received  on  a  screen,  it  will  be  found  to  prescot 
a  band  of  colours  in  the  following  order :  red,  orange,  yellow,  green,  blue, 
and  violet.    This  is  called  the  spectrum  (564). 

If  now  a  narrow  and  delicate  thermopile  be  placed  successively  oo  tbe 
space  occupied  by  each  of  the  colours,  it  will  be  scarcely  affected  on  tk 
violet,  but  in  passing  over  the  other  colours  it  will  indicate  a  gradual  rise  d 
temperature,  which  is  greatest  at  the  red.  Painters,  thus  guided  by  a  cor- 
rect but  unconscious  feeling,  always  speak  of  blue  and  green  colours  as  coU, 
and  of  red  and  orange  as  warm  tones.  If  the  pile  be  now  moved  in  tkc 
same  direction  beyond  the  limits  of  the  luminous  spectrum,  the  tempentart 
will  gradually  rise  up  to  CP,  at  which  it  attains  its  maximum.  From  tlai 
point  the  pile  indicates  a  decrease  of  temperature  until  it  reaches  a  point,  0| 
where  it  ceases  to  be  affected.  This  point  is  about  as  distant  from  R  as  tkc 
latter  is  from  V  :  that  is,  there  is  a  region  in  which  thermal  effects  arc  pio» 
duced  extending  as  far  beyond  the  red  end  of  the  spectrum  in  one  directiot 
as  the  entire  length  of  the  visible  spectrum  is  in  the  other.  In  accordiBOl 
with  what  we  have  stated,  the  sun's  light  consists  of  rays  of  different  rates  flf 
vibration  ;  by  their  passage  through  the  prism  they  are  unequally  brokea  or 
refracted  ;  those  of  greatest  wave  length  or  slowest  vibrating  period  are  kMl 
bent  aside,  or  are  said  to  be  the  least  refrangible,  while  those  with  sboitcr 
wavelengths  are  the  most  refrangible. 

These  non -luminous  rays  outside  the  red  are  called  the  extra  or  uhia-frf 
rays,  or  sometimes  the  Herschelian  rays,  from  Sir  \V.  Herschel,  who  W 
discovered  their  existence. 
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If^  in  the  above  case,  prisms  of  other  materials  than  rock  salt  be  used, 
the  position  of  the  maximum  heat  will  be  found  to  vary  with  the  nature  of 
the  prism,  a  fact  first  noticed  by  Seebeck.  Thus  with  a  prism  of  water  it  is 
m  the  yellow,  with  one  of  crown  glass,  in  the  middle  of  the  red,  and  so  on. 
These  changes  are  due  to  the  circumstance  that  prisms  of  different  materials 
absorb  rays  of  different  refrangibility  to  unequal  extents.  But  rock  salt 
practically  allows  heat  of  all  kinds  to  pass  with  equal  facility,  and  thus  gives 
a  Donnal  spectrum. 

431.  TyadaU's  researolios. — Tyndall  investigated  the  spectrum  pro- 
duced by  the  electric  light,  by  the  following  mode  of  experimenting  : — The 
efcctric  light  was  produced  between  charcoal  points  by  a  Grove's  battery  of 
^' cells.  The  beam,  rendered  parallel  by  a  double  rock  salt  lens,  was 
caosed  to  pass  through  a  narrow  slit,  and  then  through  a  second  lens  of  rock 
salt ;  the  slices  of  white  light  thus  obtained  being  decomposed  by  a  prism 
of  the  same  material  To  investigate  the  thermal  conditions  of  the  spec- 
man  a  iinear  thermo-electnc  pile  was  used  ;  that  is,  one  consisting  of  a 
Bomber  of  elements  arranged  in  a  line,  and  in  front  of  which  was  a  slit  that 
coold  be  narrowed  to  any  extent  The  instrument  was  mounted  on  a 
Bovable  bar  connected  with  a  fine  screw,  so  that  by  turning  a  handle  the 
pile  could  be  pushed  forward  through  the  smallest  space.  On  placing  this 
apparatus  successively  in  each  part  of  the  spectrum  of  the  electric  light,  the 
lieatiiHj'  ettccted  at  various  points  near  each  other  was  determined  by  the 
Siiications  of  a  very  delicate  galvanometer.  As  in  the  case  of  the  solar 
ipeanim,  the  heating  effect  gradually  increased  from  the  violet  end  towards 
t^  red,  and  was  greatest  in  the  dark  space  beyond  the  red.  The  position 
of  the  greatest  heat  was  about  as  far  from  the  limit  of  the  visible  red  as  the 
bner  was  from  the  green,  and  the  total  extent  of  the  invisible  spectrum  was 
fcoid  to  be  t^%-ice  that  of  the  visible. 

The  increase  of  temperature  in  the  dark  space  is  ver>'  considerable.  If 
laennal  intensities  are  represented  by  perpendicular  lines  of  proportionate 
teogth,  erected 
K  those  parts  of 
'»^  spectrum  to 
»hich  they  cor- 
fespood,on  pass- 
sag  beyond  the 
^  end  these 
bes  increase 
vapidly  and 

putly  in  length, 
vcacfa  a  maxi- 
Bnm,  and  then 
W  somewhat 
■ttre  suddenly. 
If  these  lines  are 

connected,  they  form  a  curve  (fig.  368),  which  beyond  the  red  represents 
a  peak,  quite  dwarfing  that  of  the  visible  spectrum.  In  fig.  369,  the  dark 
parts  at  the  end  represent  the  obscure  radiation.  The  cur\*e  is  based,  in  the 
manner  above  stated,  on  the  results  obtained  by  Tyndall  with  the  electric 
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the  invisible  rays  beyond  the  red.     This  transmutation  of  non-lucninous  into 
luminous  heat,  TyTidall  calls  calor^scence.  \ 

When  the  eye  was  cautiously  placed  in  the  focus,  guarded  by  a  snuJI 
hole  pierced  in  a  metal  screen,  so  that  the  converged  rays  should  only  enter] 
the  pupil  and  not  affect  the  surrounding  part  of  the  eye,  no  impression 
[  li^ht  was  produced,  and  there  was  scarcely  any  sensation  of  heat    A 
siderable  portion  was  absorbed  by  the  humours  of  the  eye,  but  yet  a  power- 
ful beam  undoubtedly  reached  the  retina  ;   for,  as  Tyndall  showed  by 
separate  experiment,  about  i8  per  cent,  of  the  obscure  radiation  from 
electric  light  passed  through  the  humours  of  an  ox^s  eye. 

434.  Transmission  of  tl&eraial  rajs. — Melloni  was  the   Arst  who  ci^ 
amined  extensively  and  accurately  the  absorption  of  heat   by  solids 
liquids.    The  apparatus  he  employed  is  represented  in  fig.  370,  where  Ali  i^ 


the  thermo-electric  pile  ;  ^  is  a  support  for  the  source  of  heat,  in  this  ( 
LocateUi's  lamp  ;  F  and  E  are  screens,  and  C  is  a  support  for  the  ' 
perimented  on  ;  while  m  is  the  support  for  the  pile,  and  D  the  galva 

To  express  the  power  which  bodies  have  of  transmitting  heat,  Md 
used   the  term   diatkertnaHcy :  diathermancy   bears  the   same 
radiant  heat  that  transparency  does  to  light ;  and  in  like  manner  the  ] 
of  stopping  radiant  heat  is  called  aihermancy^  which  thus  corresp 
opacity  for  light.     In  experimenting  on  the  diathermanc>'  of  liquids,  Md 
used  glass  troughs  with  parallel  sides,  the  thickness  of  the  liquid  laj-er! 
0*36  in.     The  radiant  heat  of  an  Argand  lamp  with  a  glass  chin 
,  lirsi  allowed  to  fall  directly  on  the  face  of  the  pile,  and  the  deflectic©  | 
►  duccd  in  the  galvanometer  taken  as  the  total  radiation  ;  the  substAnct  I 
examination  was  then  interposed,  and  the  deflection  noted.     This 
spionded  to  the  quantity  of  heat  transmitted  by  the  substance.     If  /i 
this  latter  number,  and  f  the  total  radiation,  then 

e  :li:  100  :  jr, 

which  Is  the  percentage  of  rays  transmitted.     Thus  calitng  the  toial  1 
lion  IGO^  Mclioni  found  that 
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Bisulphide  of  carbon  transmitted 63 

Olive  oil  „  

Ether  „  

Sulphuric  acid  „  

Alcohol  „  

Solution  of  alum  or  sugar  „  

Distilled  water  ,,  


30 
21 

17 
15 
12 

XI 


In  experimenting  with  solids  they  were  cut  into  plates  o'l  inch  in  thick- 
Jtss,  and  it  was  found  that  of  every  100  rays  there  was  transmitted  by 

Rock  salt        .        .        .        .92        Selenite         .        .        .     20 
Smoky  quartz         .         .        .     67         Alum  .        .        .12 

Transparent  carbonate  of  lead     52        Sulphate  of  copper        .      o 

The  transmission  of  heat  through  liquids  has  been  re-examined  by  Tyndall, 
*bo  used  a  cell  consisting  of  parallel  plates  of  rock  salt  separated  by  a  ring 
^  brass  with  an  aperture  on  the  top  through  which  the  liquid  could  be 
pottred.  As  this  ring  could  be  changed  at  will,  liquid  layers  of  various 
^cknesses  were  easily  obtainable,  the  apparatus  being  merely  screwed 
tojjfthcr  and  made  liquid-tight  by  paper  washers.  The  instrument  was 
5>f'«ntcd  on  a  support  before  an  opening  in  a  brass  screen  placed  in  front 
•^^thc  pile.  The  source  of  heat  employed  was  a  spiral  of  platinum  wire 
^*:^d  to  incandescence  by  an  electric  current,  the  spiral  being  enclosed  in  a 
^cuil  ;;lass  globe  with  an  aperture  in  front,  throupjh  which  the  radiation 
^«>cd  unchanged  in  its  character,  a  point  of  essential  importance  overlooked 
^y  Mclloni.  The  following  table  contains  the  results  of  experiments  made 
*"th  liquids  in  the  various  thicknesses  indicated,  the  numbers  expressing 
l^  Absorption  per  cent,  of  the  total  radiation.  The  transmission  per  cent. 
^  be  found  in  each  case  by  subtracting  the  absorption  from  100.  Thus  a 
«>er  fif  water  02  inch  thick  absorbs  807  and  transmits  193  per  cent,  of  the 
idiaiion  from  a  red-hot  spiral. 

Absorption  of  heat  by  liquids. 


I 


Liquid 


Thitkncvi  of  liquid  in  parts  of  an  inch 
o'o2  I         o'04  0*07  o'l4 


Bisulphide  of  carbon 

5-5 

8-4 

Giloroform 

166 

250 

Iodide  of  methyl 

36-1 

46-5 

Benioie 

43*4 

557 

Amylene  . 

583 

65-2 

Ether        .        . 

633 

73*5 

\lcohoI     . 

.     673 

786 

i^atcr 

807 

861 

12-5 

15-2 

173 

350 

400 

,     44-8 

53-2 

65-2 

68-6 

62-5 

715 

73-6 

73-6 

1     777 

823 

76-1 

1     786 

.     8s-2 

836 

i     85-3 

;      89- 1 

88-8 

910 

1     91  0 

I:  appears  from  these  tables  that  there  is  no  connection  between  diather- 
an-  >  and  transparency.  The  liquids,  except  olive  oil,  are  all  colourless 
4I  transparent,  and  yet  vary  as  much  as  75  per  cent,  in  the  amount  of  heat 
usmitted.     Among  solids,  smoky  quartz,  which  is  nearly  opaque  to  light 

c  c  2 


-  T   V-r-  [4S4- 

---.  vi:.-::  :s  perfectly  transparenL  cj:<  on 
---"  -r;  :.:5i:^r.t  degrees  of  transparency,  so 
..:  '.--r-^-. .-  :  ind  the  one  cannot  be  pnedi- 

-■-  -  ■  -     :    :;i-  :r:rr-  diiTcrent  parts  of  the  sp«- 

-  -. -.  :-M    ^2:  and  heat  becomes  manifes:. 
•   •   --.-;  ■  ^i  I'-e  spectrum  of  the  scMar  I:^i 

■  .  r     ;:is  jor-en  pronded  with  an  aperrurt 
^     \  -<--.•: T  -J:»;  iction  of  any  given  part  of  :he 
--         -.   -^   •:■ ->rci:ed.     They  thus  found— 

-  .  - :   ^ir.tri'.'.y  substances  transparent  for 
.^  *■::>•:  i  tzki^us  heat ; 

:-<":•.■*.•.  \  ■-■:>.  only  transmits  the  red  ravj 
^    -..'-■*'-    rx'-Sw  -Lso  extinguishes  ever>  kindnf 

■  "^       *  :     *   ;.'.-  I  .i:J:ermanous  for  luminous  hML 

-.   .     •.  ^-    -i:  ~'-   -:'a:  is.  the  most  refraninble- 

>^-   -    -:  -s  .-.-  :h'"se  which  are  the  least  it- 

.  ■'   .'  •  r^-.  >.*c<  1  >::11  gireaier  proportion  ^jf  the 

-*    •>  .  ;.:x*^-v.'- 

•    -'•:.:  -rs  .'"  ^rold.  silver,  and  pUiinum. 

..*•  -1  ^    :"  a  o.enniie  colour,  al>'>  alM* 

. .     -.  ^    s.,  >v-  l: •,■■:  >  .ir\?  d i at h e rmanou s,  i hou ;h  a 

'^     -.   ...>«.'  I-  I  :'-.  >>.oe!s  of  ebonite. 

a«x«r«  M  tft«  k««t.  -  -  n-.c  diathennanoi:>  p^ncr 

••    •    .:  -H.  "v  ■:    >;-r»:os,  as  is  seen  from  ihc 

••- >.  ^  :\v^:<<  what    proportion  •>f  cifO' 

s.     ■  -«-     :    •■:::    .-..-.vier.:  on  the  plates  is  :rr.v 


..^/  J.       Carper  at  4  v'    i'  pi'f:  --  " 

42  3; 

0  0 

; ;  12  o 

;  o  o 

:  o  o 

.'  ;  o  o 

•v^. •»•■•.■.   :  ^   iij^ht  from  dirtereni  s-^urce** 

i     V  *.■>  .»f  heat  with  equal  facility,  ano 

v^  >-.      I:    :>  analogous  to  white  jrUs* 

>.'.:-v'e>.     Fluor  spar  transmits  78  pff 

•  •  \    : :  .^f  :hose  from  a  blackened  surface 

•■   "i"  ;i—.:h  of  an  inch  thick,  and  jx-rtcCiy 

i     ;he  radiation  from  a  source  i^f  »«>■ 

■;■.;:  rr.vv.  a  source  at  400'.  and  but  }Q<^ 

»k  i:;asx  on  the  contraiy,  though  it  ltju 
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It  from  a  source  at  100^,  allows  12  per  cent  of  the  heat  at  400^  to 
is  equally  transparent  to  the  heat  from  the  spiral,  but  on  account 
dmess  is  more  opaque  to  the  heat  from  the  lamp.  As  we  have 
sen,  every  luminous  ray  is  a  heat  ray ;  now  as  several  of  the  sub- 
\  this  table  are  pervious  to  all  the  luminous  rays,  and  yet,  as  in  the 
e,  transmit  about  6  per  cent,  of  luminous  heat,  we  have  an  apparent 
;  which,  however,  is  only  a  confirmation  of  the  remarkably  small 
a  which  the  luminous  rays  of  a  lamp  bear  to  the  obscure. 
these  experiments  MeUoni  concluded  that  as  the  temperature  of 
s  rose,  more  heat  was  transmitted.  This  has  been  confirmed  by 
eriments  of  TyndalL  The  platinum  lamp  (434)  was  used  as  the 
e  temperature  of  which  could  be  varied  from  a  dark  to  a  brilliant 
t,  by  a  gradual  augmentation  of  the  strength  of  the  electric  current 
ited  the  platinum  spiral  Instead  of  liquids,  vapoiurs  were  examined 
ler  to  be  described  subsequently  ;  the  measurements  are  given  in 
ing  table  : — 

Absorption  of  heat  by  valours. 


FaMc  of  vapour 

Source,  pbtinnm  ipuml 

Barely  visible 

Bright  red         White  hot 

Near  fusion 

1 

de  of  carbon 

6-5 

47                2-9 

2.5          1 

»rm 

if  methyl 

91 

12-5 

26*4 

6-3       ,        5-6 

9-6       ,        7-8 

20-6       1       i6*5 

3*9 

ether     . 
ther 

43*4 
45*2 
49*6 

314             25-9 
31*9        *     251 
34-6       ,      27-2 

237 
21-3 

1 

ercentage  of  rays  absorbed  is  here  seen  to  diminish  in  each  case 
iperature  of  the  source  rises.  Mere  elevation  of  temperature  does 
e\'er,  invariably  produce  a  high  penetrative  power  in  the  rays 
the  rays  from  sources  of  far  higher  temperature  than  any  of  the 
are  more  largely  absorbed  by  certain  substances  than  are  the  rays 
om  any  one  of  the  sources  as  yet  mentioned.  Thus,  the  radia- 
a  hydrogen  flame  was  completely  intercepted  by  a  layer  of  water 
of  an  inch  thick,  the  same  layer  transmitting  9  per  cent,  of  the 
from  the  red-hot  spiral,  a  source  of  much  lower  temperature.  The 
«  of  this  is,  that  those  rays  which  heated  water  emits  (and  water, 
ct  of  combustion,  is  the  main  radiant  in  a  hydrogen  flame)  are  the 
which  this  substance  most  largely  absorbs.  This  statement,  which 
ne  clearer  after  reading  the  analogous  phenomena  in  the  case  of 
I  exemplified  by  the  powerful  absorption  of  the  heat  from  a 
nide  flame  by  carbonic  acid  gas.  It  will  be  seen  presently  (438) 
s  rays  from  a  heated  plate  of  copper,  defiant  gas  absorbs  10  times 
ity  intercepted  by  carbonic  acid,  whilst  of  the  rays  from  a  carbonic 
le  Tyndall  found  carbonic  acid  absorbed  twice  as  much  as  olefiant 
nth  of  an  atmosphere  of  carbonic  acid,  inclosed  in  a  tube  4  feet 
vlis  60  per  cent,  of  the  radiation  from  a  carbonic  oxide  (lamt. 


5>o  On  Hutc  [ia». 

^■■arianr  ^eac  -x-fas  Tfrararrirr  tan  ±iis  le  laef  s^  a.  >fii*<w-iti>  test  fiar  die 
^rmLacs  it  '^srvxisi  xiiL  :±e  Hmnnzr  if  -vmcS:  maar  ^vesx  le  aconarehr 
laeaessjnsi  iw^  :ilc  same  iri'afrff.  ?rr£  E^smsr  itadR  m  dris  wasr  a.  JmracA 
laa^Tsa  'X  -fsjt  inmarr  "ar^arr.  I2  -^ne  eraenznenL  die  -isrrwixn:  acid  coo- 
tasTTi'tf  in  zmri  zirysioiZj  la^j^esi  ttis  iinmi  11  le  one  oc  aesit,  wfcilst 
ne  SBEDC  rrrarfr  tfrenicaZj  ana.'7^ed  fasnt  -rtc  ger  esse 

•Ks.  fran  :2e -siiie  xjf  -nar  rt  yigi  :3C  n?^  Jidt  aaft:  ^rmi?tiniis  c-  The 
oaur  *  saj  ^rzurr  zsn^  beet  ibscrTeii  -rr  r-Ascaed  Onm  ±c  iorfisce  of  die 
^tiase.  Adir^TT-r  tn  >t*Ljon£.  I2e  "anr*-  3  tie  -ase  r  air  it.  insteati  'it  00  ooe 
^tase^  icar  ut  iZr^w^  -si  2i2  ^c  rv^  ir  3iirr«  pioces  w&usse  ratal  t^iVkiMKA 
KTJUSi  zrs,  *323Kjf  !iac  cc  tbe  cce.  I3e  ';ti;fnrT-y  ot  itrnr  aLigaued  will  be  profwr- 
'srxaL  V.  :ie  nncLier  :t  rgSer-nr^  services.  Ee  laeigjjte  comdaded  diat 
r3«  wJ*  Traa  c^ifre  c-ar" 


The  gogrTTTgrT*?  ct  jarar  -:cserr«^  sacw  dctt  t&B  •rmxidizaoii   is  not 
KT^criy  cr-rr*?:: :  r:<ck  sair  ices  absorb  a  tctj  azxail  sroportioii  of  obscsre 

Tie  -^lascxj  oc'  bear  rra.r.?^rt'r:ec  tim^pL  rrjck  sit  is  practkalhr  de 
sasut.  -mhsTTjtT  ±e  piare  be  i.  2.  or  x  rnTTriiiitrt^gii  •ftnrk  Bar  wrm  odxr  bodies 
ivicrpcxti  ini:r»aaes  Tri:*  ±e  'HtirTtfSffb  alrhiTiagit  by  no  means  in  direct 
pn^^rzajc  Thfs  a  secsi  :«>  be  ±e  -zase  in  die  m>i>  ot  alMorpdoa  by  liquids 
at  .discrent:  difotzesses.  Tbe  5:tj:wTr^  nSV  aeils  whar  proportioo  of 
ijyrjy  TXTi  Tz'jc  a  L*:}careIIf  5  Lanp  ra.-s?  dtrria^  a  ^^ii:ss  pfare  oc  dx  gi^tn 

TzirJcjiss  ir.  r-.fTrrecres      c-f        1254.5678 
Ray^  trar^nutred     .         .    —5    "55   ^-   -55   ^j4  ^^^o   609   600  592 

The  a'ts:rpr:.-,r:  taies  pCace  in  the  £r5t  laytr?  :  the  rays  whicfi  have  passed 
diese  zrj'is^i^s  r:e  property  oc  pa^iin^  thro(^^  odier  iarers  is  a  hij^rfcer  (i€gi«» 
*o  that  bey-jnd  the  nrst  layers  the  heat  transmrtred  approaches  a  certain 
enchant  value.  If  a  thin  riass  pCate  be  placed  behind  anocher  glass  pUtt 
a  centimetre  th:  ck.  the  !':nner  diminishes  dte  trazanission  by  htde  voiott 
zh^s.  the  renect:«:n  trr-m  its  snrtace.  bnt  if  a  plate  d  alum  were  placed  b^ 
hind  die  giass  piatc.  the  result  wccic  be  diocrent.  for  the  Latter  is  opaqoe  fcf 
mcch  ot  the  heat  transmitted  by-  jdiSi. 

Heat,  ther^rore.  which  has  traversed  a  ^^iiss  plate  traverses  another 
plate  of  the  same  material  with  very  sli^t  less,  bet  is  \-ery  greatly  diminished 
by  a  plate  of  alum.  r>f  100  rays  which  had  passed  throu^rh  green  ^ 
or  tourmaline,  cr/.y  5  and  -  were  respecd\^y  transmitted  by  the  safl* 
plate  of  alum.  .\  plate  oi  blackened  p:ck  salt  onh-  transmits  obscure  ray^ 
while  alum  extinguishes  them.  Consequently,  when  these  two  substances 
are  superposed,  a  system  impen-iocis  to  li^ht  and  heat  is  obtained. 

These  phenomena  rind  their  exact  ar-a!o^es  in  the  case  of  light  Tk* 
dinerent  sources  of  heat  c-orrespi^nd  to  dames  of  diderent  colour^  and  thf 
screens  of  various  matenals  :o  glasses  of  dinerent  colours.  .\  red  flaB* 
I'>oked  at  thnrj^h  a  rvd  ^ruiss  appears  quite  bright,  but  through  a  green  gb* 
it  appears  dim  or  is  scarcely  visible.  So  in  like  manner  heat  which  has 
traversed  a  red  gLiss  pvisses  thn^ugh  another  red  glass  with  litde  dimino- 
rioa   but  i:  is  almost  completely  stopped  b\-  a  green  giass^     Rode  salt  a^l^   ;^ 
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emits  only  one  kind  of  heat ;  it  is  monothermal,  just  as  sodium  vapour  is 
monochromatic. 

Different  luminous  rays  being  distinguished  by  their  colours^  to  these 
different  obscure  calorific  rays  Melloni  gives  the  name  of  thermocrose  or  heat 
colouration.  The  invisible  portion  of  the  spectrum  is  accordingly  mapped 
out  into  a  series  of  spaces,  each  possessing  its  own  peculiar  feature  corre- 
sponding to  the  coloured  spaces  which  are  seen  in  that  portion  of  the  spec- 
tram  \'isible  to  our  eyes. 

Besides  thickness  and  colour,  the  polish  of  a  substance  influences  the 
tnmsmission.  Glass  plates  of  the  same  size  and  thickness  transmit  more 
beat  as  their  surface  is  more  polished.  Bodies  which  transmit  heat  of  any 
kind  very  readily  are  not  heated.  Thus  a  window  pane  is  not  much  heated 
bjr  the  strongest  sun's  heat ;  but  a  glass  screen  held  before  a  common  fire 
stops  most  of  the  heat,  and  is  itself  heated  thereby.  The  reason  of  this  is 
that  b>'  far  the  greater  part  of  the  heat  from  a  fire  is  obscure,  and  to  this  kind 
of  heat  glass  is  opaque. 

437.  IMAMioB  of  beat. — When  a  ray  of  light  falls  upon  an  unpolished 
sorface  in  a  definite  direction,  it  is  decomposed  into  a  variety  of  rays  which 
are  reflected  from  the  surface  in  all  directions.  This  irregular  reflection  is 
oiled  diffusion^  and  it  is  in  virtue  of  it  that  bodies  are  visible  when  light 
fails  upon  them.  A  further  peculiarity^  is,  that  all  solar  rays  arc  not  equally 
citfused  from  the  surface  of  bodies.  Certain  bodies  diflfuse  certain  rays  and 
i!>*orb  others,  and  accordingly  appear  coloured.  The  red  colour  of  a  gera- 
.'nim  is  caused  by  its  absorbing  all  the  rays,  excepting  the  red,  which  are 
:rrt-^'uLirly  reflected.  Just  as  is  the  case  with  transmitted  light  in  transparent 
^•cies.  so  with  diffused  light  in  opaque  ones  ;  for  if  a  red  body  is  illuminated 
';.  .td  light  it  appears  of  a  bright  red  colour,  but  if  green  light  fall  upon  it 
::  is  almost  black.  We  shall  now  see  that  here  again  analogous  phenomena 
fTe%ail  with  heat. 

Various  substances  diffuse  different  thermal  rays  to  a  different  extent  ; 
<ich  possesses  a  peculiar  thermocrose.  Melloni  placed  a  number  of  strips 
(if  brass  foil  between  the  source  of  heat  and  the  thermo-pile.  They  were 
^oattd  on  the  side  opix)site  to  the  pile  with  lampblack,  and  on  the  other 
Si-ie  uith  the  substances  to  be  investi^^ated.  Representing  the  quantity  of 
5ea!  absorbed  by  the  lampblack  by  100,  the  absorption  of  the  other  bodies 
*as  ai  follows  : — 


Incandescent 
platinum 

Copper  at  400^ 

100 
89 

CopjHir  at  x-^yo 

Lampblack 
White  lead       . 

100 
.            .                  56 

100 
100 

i->:nglass  . 
Indian  ink 

54 
95 

64 
87 

91 

85 

Shellac      . 
Polished  metal 

47 
'35 

70 
13 

72 
13 

Hence  white  lead  absorbs  far  less  of  the  heat  radiated  from  incandescent 
]>Ia:inum  than  lampblack,  but  it  absorbs  the  obscure  rays  from  copper  ai 
100'  as  completely  as  lampblack.      Indian  ink  is  the  reverse  of  this  ;   it 
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absorbs  obscure  rays  less  completely  than  luminous  rays.  Lampblack 
absorbs  the  heat  from  all  sources  in  equal  quantities,  and  very  nearly  com- 
pletely. In  consequence  of  this  property  all  thermoscopes  which  are  used 
for  investigating  radiant  heat  are  covered  with  lampblack,  as  it  is  the  best- 
known  absorbent  of  heat  The  behaviour  of  metals  is  the  reverse  of  that  of 
lampblack.  They  reflect  the  heat  of  different  sources  in  the  same  degree. 
They  are  to  heat  what  whiU  bodies  are  to  light 

As  coloured  light  is  altered  by  diffusion  from  several  bodies,  so  Knoblaoch 
has  shown  that  the  different  kinds  of  heat  are  altered  by  reflection  from  dif- 
ferent surfaces.  The  heat  of  an  Argand  lamp  difliised  from  white  paper 
passes  more  easily  through  calcspar  than  when  it  has  been  diffused  firom 
black  paper. 

The  rays  of  heat,  like  the  rays  of  light,  are  susceptible  of  polarisation 
and  double  refraction.  These  properties  will  be  better  understood  after 
treating  of  light. 

438.  Kelatlon  of  %WL%e%  and  Tap  ours  to  radiant  beat. — This  subject 
has  been  investigated  by  Tyndall ;  the  apparatus  he  used  is  represented  in 
the  adjacent  figure,  the  arrangement  being  looked  upon  from  above. 

A  (fig.  371)  is  a  cylinder  about  4  feet  in  length  and  2\  inches  in  diameter, 
placed  horizontally,  the  ends  of  which  can  be  closed  with  rock-salt  plates : 


T'xfr.  371. 


by  means  of  a  lateral  tube  at  r  it  can  be  connected  with  an  air-pump  an<J 
exhausted  ;  while  at  /  is  another  tube  which  ser\'es  for  the  introduction  rf 
gases  and  vapours.  T  is  a  sensitive  thermo-pile  connected  with  an  extremely 
delicate  galvanometer,  M. 

The  deflections  of  this  galvanometer  were  proix)rtional  to  the  degrees « 
heat  up  to  about  30°  ;  beyond  this  point  the  proportionality  no  longer  bcW 
good,  and  accordingly,  for  the  higher  degrees,  a  table  was  empirically  con- 
structed, in  which  the  value  of  the  higher  deflections  was  expressed  in  units; 
the  unit  being  the  amount  of  heat  necessary  to  move  the  needle  through  one 
of  the  lower  degrees. 

C  was  a  source  of  heat,  which  usually  was  either  a  Leslie's  cube  filled  with 
boiling  water,  or  else  a  sheet  of  blackened  copper  heated  by  gas.  No*» 
when  the  source  of  heat  was  permitted  to  radiate  through  the  exhausted 
tube,  the  needle  made  a  great  deflection  ;  and  in  this  jwsition  a  ver>'  coo* 
siderable  degree  of  absorption  would  have  been  needed  to  produce  «■ 
alteration  of  1°  of  the  galvanometer.  And  if  to  lessen  this  deflection  a  lowtf 
source  of  heat  had  been  used,  the  fraction  absorbed  would  be  correspondinglT 
less,  and  might  well  have  been  insensible.  Hence  T>'ndall  adopted  the  fol- 
lowing device,  by  which  he  was  enabled  to  use  a  powerful  flux  of  heat,  andat 
the  same  time  to  discover  small  variations  in  the  quantity  falling  on  the  pite- 
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The  source  of  heat  at  C  was  allowed  to  radiate  through  the  tube  at  the 
end  of  which  the  pile  was  placed  ;  a  deflection  was  produced  of,  say,  70** ; 
2  second  source  of  heat,  D,  was  then  placed  near  the  other  face  of  the  pile, 
'Jk  amount  of  heat  falling  on  the  pile  from  this  compensating  cube  being 
re'(;ulated  by  means  of  a  movable  screen  S.    Wlien  both  faces  of  the  pile 
arc  warmed,  two  currents  are  produced,  which  are  in  opposite  directions, 
2nd  tend,  therefore,  to  neutralise  each  other :  when  the  heat  on  both  faces 
is  precisely  equal,  the  neutralisation  is  perfect,  and  no  current  at  all  is  pro- 
duced, however  high  may  be  the  temperature  on  both  sides.    In  the  arrange- 
ment just  described,  by  means  of  the  screen  S,  the  radiation  from  the 
compensating  cube  was  caused  to  neutralise  exactly  the  radiation  from  the 
s>-jurcc  C  ;  the  needle  consequently  was  brought  dou-n  from  70°  to  zero,  and 
remained  there  so  long  as  both  sources  were  equal.     If  now  a  gas  or  vapour 
be  admitted  into  the  exhausted  tube,  any  power  of  absorption  it  may  possess 
«^ll  be  indicated  by  the  destruction  of  this  equilibrium,  and  preponderance 
uf  the  radiation  from  the  compensating  cube,  by  an  amount  corresponding 
:d  the  heat  cut  off  by  the  gas.     Examined  in  this  way,  air,  hydrogen,  and 
Krogen,  when  dried  by  passing  through  sulphuric  acid,  were  found  to  exert 
<  almost  inappreciable  effect ;  their  presence  as  regards  radiant  heat  being 
*^t::  little  different  to  a  vacuum.     But  with  olefiant  and  other  complex  gases 
'-.t  ..asc-  was  entirely  different.     Representing  by  the  number  i  the  quantity 
•  •.iJiant  heat  absorbed  by  air,  olefiant  gas  absorbs  970  times,  and  am- 
'  r.:*:al  j;as  1,195  times,  this  amount.     In  the  following  table  is  given  the 
■  *  r/J.tiT\  of  obscure  heat  by  various  gases,  referred  to  air  as  unity  : — 


N_.-nr  « 

^SUs 

Absorption 

under  30  inches 

of  prcviure 

Name  of  gas 

::-^cn 
c:rr.^-cn 

■■:rf»chIoric 

acid 

I 

I 
I 
I 

39 
62 

Carbonic  acid 
Nitrous  oxide 
Marsh  gas  . 
Sulphurous  acid  . 
Olefiant 
Ammonia    . 

Absorption 

!  under  30 inche> 

of  pressure 


90 

335 
403 
710 
970 
1 195 


**f.  instead  of  comparing  the  gases  at  a  common  pressure  of  one  atmo- 

■-*•"•.:•'.  they  are  compared  at  a  common  pressure  of  an  inch,  their  differences 

^-  i-.-orption  are  still  more  strikingly  seen.     Thus,  assuming  the  absorption 

;  ir.rh  of  dr>'  air  to  be  i,  the  absorption  by  i  inch  of  olefiant  gtis  is  7,950, 

*""■':  V.  :;.e  same  amount  of  sulphurous  acid  8,800. 

^3'^  iBflmeaea  of  preaaure  and  tliickiiess  on  tlie  absorption  of  lieat 
^  CMSOT — The  absorption  of  heat  by  gases  varies  with  the  pressure  ;  this 
*-"ii!iiri  is  best  seen  in  the  case  of  those  gases  which  have  considerable 
*^**rp:i-.  e  power.  Taking  the  total  absorption  by  atmospheric  air  under 
*'^:in*ir>-  pressure  at  unity,  the  numbers  of  olefiant  gas  under  a  pressure  of  i, 
^5.  7.  ar.d  ID  inches  of  mercury  are  respectively  90,  142,  168,  182,  and  193. 
'■-»  one-thirtieth  of  an  atmosphere  of  olefiant  gas  exerts  90  times  the 
^'*v  ry.'jtn  of  an  entire  atmosphere  of  air.  And  the  absorption,  it  is  seen, 
"rta^rri  with  the  density,  though  not  in  a  direct  ratio.     Tyndall  showed, 
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however,  by  special  experiments,  that  for  very  low  pressures  the  absorption 
does  increase  with  the  density.  Employing  as  a  unit  volume  of  the  gas  a 
quantity  which  measured  only  ^  of  a  cubic  inch,  and  admitting  succes- 
sive measures  of  olefiant  gas  into  the  experimental  tube,  it  was  found  that 
up  to  15  measures  the  absorption  was  directly  proportionate  to  the  density 
in  each  case. 

In  these  experiments  the  length  of  the  experimental  tube  remained  the 
same  whilst  the  pressure  of  the  gas  within  it  was  caused  to  vary  ;  in  subse- 
quent experiments  the  pressure  of  the  gas  was  kept  constant,  whilst  the 
length  of  the  tube  was,  by  suitable  means,  varied  from  o*oi  of  an  inch  up  to 
50  inches.  The  source  was  a  heated  plate  of  copper  ;  of  the  total  radiation 
from  this  nearly  2  per  cent,  was  absorbed  by  a  film  of  olefiant  gas  x>i  of  ao 
inch  thick,  upwards  of  9  per  cent,  by  a  layer  of  the  same  gas  o'l  of  an  inch 
thick,  33  per  cent,  by  a  layer  2  inches  thick,  68  per  cent  by  a  colunm  20 
inches  long,  and  77  per  cent,  by  a  column  rather  more  than  4  feet  long. 

440.  AbsorptlTe  power  of  Tapoors. — The  absorptive  power  of  olefiant 
gas  is  exceeded  by  that  of  several  vapours.  The  liquid  from  which  the 
vapours  were  to  be  produced  was  inclosed  in  a  small  flask,  which  could  be 
attached  with  a  stop- cock  to  the  exhausted  experimental  tube.  The  absorp- 
tion was  then  determined  after  admitting  the  vapours  into  the  tube  in 
quantities  measured  by  the  pressure  of  the  barometer  gauge  attached  to  the 
air-pump. 

The  following  table  shows  the  absorption  of  vapours  under  pressures 
varying  from  o*i  to  I'o  inch  of  mercury  : — 


Name  of  vapours 


Bisulphide  of  carbon 
Benzole    . 
Chloroform 
Ether 
Alcohol     . 
Acetic  ether 


Absorption  under  pressure  in  inches  of  mercury 


15 

47 

62 

66 

182 

!    267 

85 

182 

236 

300 

710 

870 

325 

622 

. 

590 

980 

1 195 

These  numbers  refer  to  the  absorption  of  a  whole  atmosphere  of  diy  lir 
as  their  unit,  and  it  is  thus  seen  that  a  quantity  of  bisulphide  of  carbon     , 
vapour,  the  feeblest  absorbent  yet  examined,  which  only  exerts  a  pressure  cf 
j^3  of  an  inch  of  mercur>',  or  the  -^^  of  an  atmosphere,  gave  fifteen  times  the 
absorption  of  an  entire  atmosphere  of  air  ;  and  ^  of  an  inch  of  acetic  ether 
590  times  as  much.     Comparing  air  at  a  pressure  of  o*i  with  acetic  ether  of  f' 
the  same  pressure,  the  absorption  of  the  latter  would  be  more  than  iTf^  t 
times  as  great  as  that  of  the  former. 

Tyndall  found  that  the  odours  from  the  essential  oils  exercised  a  roarfcrf 
influence  on  radiant  heat.     Perfectly  dry  air  was  allowed  to  pass  through  t  ^ 
tube  containing  dried  paper  impregnated  with  various  essential  oils,  wd 
then  admitted  into  the  experimental  tube.     Taking  the  absorption  of  dryii'  j;*; 
as  unity,  the  following  were  the  numbers  respectively  obtained  for  air  scented  t0 
with  various  oils  : — Patchouli  31,  otto  of  roses  37,  lavender  60,  th>'iDe  ft  j^ 
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Tt)5«nar>'  74,  cassia  109,  aniseed  372.  Thus  the  perfume  of  a  flower- 
bed absorbs  a  large  percentage  of  the  heat  of  low  refrangibility  emitted 
fciDm  it. 

Ozone  prepared  by  electrolysing  water  was  also  found  to  have  a  remark- 
able absorptive  effect.  The  small  quantity  of  ozone  present  in  electrolytic 
<>\yjjen  was  found  in  one  experiment  to  exercise  136  times  the  absorption  of 
the  entire  mass  of  the  oxygen  itself. 

But  the  most  important  results  are  those  which  follow  from  his  experi- 
aients  on  the  behaviour  of  aqueous  vapour  to  radiant  heat.  The  experimental 
iube  was  filled  with  air,  dried  as  perfectly  as  possible,  and  the  absorption 
it  exercised  was  found  to  be  one  unit.  Exhausting  the  tube,  and  admitting 
the  ordinar>'  undried,  but  not  specially  moist,  air  from  the  laboratory',  the 
absorption  now  rose  to  72  units.  The  difference  between  dried  and  undried 
air  can  only  be  ascribed  to  the  aqueous  vapour  the  latter  contains.  Thus  on 
a  day  of  average  humidity  the  absorptive  effect  due  to  the  transparent  aqueous 
npour  present  in  the  atmosphere  is  72  times  as  great  as  that  of  the  air 
iuelC  though  in  quantity  the  latter  is  about  200  times  greater  than  the  former. 
Analogous  results  were  obtained  on  different  days,  and  with  specimens  of 
ay  taken  from  various  localities.  When  air  which  had  been  specially  purified 
iad  dried  was  allowed  to  pass  though  a  tube  filled  with  fragments  of  moistened 
:.!&>  and  examined,  it  was  found  to  exert  an  absorption  90  times  that  of 
'r-rc  air. 

Ir.  some  other  experiments  Tyndall  suppressed  the  use  of  rock-salt  plates 
i'  !il^  experimental  tube,  and  even  the  tube  itself,  and  yet  in  ever>'  case  the 
•t -j!:-  were  such  as  to  show  the  great  power  which  aqueous  vapour  possesses 
^'  an  ahr^orbcnt  of  radiant  heat. 

The  absorptive  action  which  the  aqueous  vapour  in  the  atmosphere  exerts 
^r.  f!.e  ?un'h  heat  has  been  established  by  a  series  of  actinometrical  observa- 
■  :;?  made  by  Soret  at  Geneva  and  on  the  summit  of  Mont  Hlanc  ;  he  finds 
'■-»!  'he  intensity  of  the  solar  heat  on  the  top  of  Mont  Blanc  is  \  of  that 
'<■  •  t*  neva  :  in  other  words,  that  of  the  heat  which  is  radiated  at  the  height 
•  M'Ht  lilanc,  about  \  is  absorbed  in  passinj^  through  a  vertical  layer  of 
^  *  .:rm<j5phcre  14*436  feet  in  thickness.  The  same  observer  has  found  that 
•  "r.  virtually  etiuafsolar  heights  there  is  the  smallest  transmission  of  heat 
♦'•.  :ho>e  days  on  which  the  tension  of  aqueous  vapour  is  greatest  ;  that  is, 
*5cr.  there  is  most  moisture  in  the  atmosphere. 

;4i.  XAdimtlnff  power  of  cases. — Tyndall  also  examined  the  radiating 

J'-^er  of  gases.     A  red-hot  copper  ball  was  placed  so  that  the  current  of 

"c^Jtd  air  which  rose  from  it  acted  on  one  face  of  a  thermo-pile  :  this  action 

'^»  compensated  by  a  cube  of  hot  water  placed  in  front  of  the  opposite  face. 

'^.  iVxTi  allowing  a  current  of  dry  olcfiant  gas  from  a  gasholder  to  stream 

'^.'''j^fh  a  ring  burner  over  the  heated  ball  and  thus  supplant  the  ascending 

furrtnt  oi  hoi  air,  it  was  found  that  the  gas  radiated  energetically.     By  com- 

?4r.n/  in  this  manner  the  action  of  many  gases  it  was  discovered  that,  as  is 

'iic  rase  with  solids,  those  gases  which  are  the  best  absorbers  are  also  those 

*!::•: h  radiate  most  freely. 

442.  9rfmmBtke  radiation  and  absorption. — A  gas  when  permitted  to 
^jrer  an  exhausted  tube  is  heated  in  consequence  of  the  collision  of  its  par- 
ades against  the  sides  of  the  vessel ;  it  thus  becomes  a  source  of  heat,  which 
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is  perfectly  capable  of  being  measured.  Tyndall  calls  this  dynamic  heating. 
In  like  manner,  when  a  tube  full  of  gas  or  vapour  is  rapidly  exhausted,  a 
chilling  takes  place  owing  to  the  loss  of  heat  in  the  production  of  motion  ; 
this  he  calls  dynamic  chilling  or  absorption. 

He  could  thus  determine  the  radiation  or  absorption  of  a  gas  without 
any  source  of  heat  external  to  the  gas  itself.  An  experimental  tube  was 
taken,  one  end  of  which  was  closed  with  a  polished  metal  plate,  and  the 
other  with  a  plate  of  rock  salt ;  in  front  of  the  latter  was  the  face  of  the  pile. 
The  needle  being  at  zero,  and  the  tube  exhausted,  a  gas  was  allowed  quickly 
to  enter  until  the  tube  was  full,  the  effect  on  the  galvanometer  being  noted. 
This  being  only  a  transitory  effect,  the  needle  soon  returned  to  zero  ;  the 
tube  was  then  rapidly  pumped  out,  by  which  a  sudden  chilling  was  produced 
and  the  needle  exhibited  a  deflection  in  the  opposite  direction.  CompanAg 
in  this  way  the  dynamic  heating  and  chilling  of  various  gases,  those  gases 
which  are  the  best  absorbers  were  also  found  to  be  the  best  radiators. 

Polished  metallic  surfaces  are,  as  we  have  seen  (427),  bad  radiaton^ 
but  radiate  freely  when  covered  with  varnish.    Tyndall  made  the  curioas 
experiment  of  varnishing  a  metallic  surface  by  a  film  of  gas.     A  Leslie's 
cube  was  placed  with  its  polished  metal  side  in  front  of  the  pile,  and  its  effect 
neutralised  by  a  second  cube  placed  before  the  other  face  of  the  pile.    Ob 
allowing  a  stream  of  olefiant  or  coal  gas  to  flow  from  a  gasholder  over  the 
metallic  face  of  the  first  cube,  a  copious  radiation  from  that  side  was  pro- 
duced as  long  as  the  flow  of  gas  continued.     Acting  on  the  principle  indi- 
cated in  the  foregoing  experiment,  Tyndall  determined  the  dynamic  radiadoo 
and  absorption    of  vapours.     The  experimental  tube  containing  a  vapoor 
under  a  small  known  pressure,  air  was  allowed  to  enter  until  the  pressure 
inside  the  tube  was  the  same  as  that  of  the  atmosphere.     In  this  way  the 
entering  air,  by  its  impact  against  the  tube,  became  heated  ;  and  its  particles 
mixing  with  those  of  the  minute  quantity  of  vapour  present,  each  of  them 
became,  so  to  speak,  coated  with  a  layer  of  the  vapour.    The  entering  lir    .' 
was  in  this  case  a  source  of  heat,  just  as  in  the  above  ejipcriments  the 
Leslie's  cube  was.     Here,  however,  one  gas  varnished  another  ;  the  radii-    - 
tion  and   subsequently   the   absorption   of  various  vapours  could  thus  be 
determined. 

It  was  found  that  vapours  differed  very  materially  in  their  power  of    ; 
radiating  under  these  circumstances  ;  of  those  which  were  tried  bisulphide 
of  carbon  vapour  was  the  worst  and  boracic  ether  the  best  radiator.    And  in 
all  cases  those  which  were  the  best  absorbents  were  also  the  best  radiators 

443.  Kelation  of  absorption  to  moleonlar  stato. — After  examining  the 
absorption  of  heat  by  vapours,  Tyndall  tried  the  same  substances  in  a  \\Q^ 
form.  The  conditions  of  the  experiments  were  in  both  cases  the  same : 
the  source  of  heat  was  a  spiral  of  platinum  heated  to  redness  by  an  clectrK 
current  of  known  strength  ;  and  plates  of  rock  salt  were  invariably  empk))td 
to  contain  both  vapours  and  liquids.  Finally,  the  absorption  by  the  \'apoan 
was  re-measured  ;  in  this  case  introducing  into  the  experimental  tube,  n<<»  • 
as  before,  equal  quantities  of  vapour,  but  amounts  proportional  to  the 
density  of  the  liquid.  When  this  last  condition  had  been  attained,  it  «i* 
found  that  the  order  of  absorption  by  a  series  of  liquids,  and  by  the  sail* 
series  when  turned  into  vapour,  was  precisely  the  same.     Thus  the  sob* 
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ces  tned  stood  in  the  following  order  as  liquid  and  as  vapour,  beginning 
I  the  feeblest  absorbent,  and  ending  with  the  most  powerful  :— 

Liquids  Vapours 

Bisulphide  of  carbon ....  Bisulphide  of  carbon. 

Chloroform Chloroform. 

Iodide  of  ethyl Iodide  of  ethyl. 

Benzole Benzole. 

Ether Ether. 

Alcohol Alcohol. 

Water. 

V  direct  determination  of  aqueous  vapour  could  not  be  made,  on  account 
slow  tension,  and  the  hygroscopic  nature  of  the  rock  salt.  But  the  unde- 
iDg  regularity  of  the  absorption  by  all  ,the  other  substances  in  the  list, 
I  as  liquid  and  vapour,  establishes  the  fact,  which  is  corroborated  by 
experiments  ah-eady  mentioned,  that  aqueous  vapour  is  one  of  the  most 
^getic  absorbents  of  heat 

In  this  table  it  will  be  noticed  that  those  substances  which  have  the 
plest  chemical  constitution  stand  first  in  the  list,  with  one  anomalous 
option,  namely  that  of  water.  In  the  absorption  of  heat  by  gases,  Tyndall 
id  that  the  elementar>-  gases  were  the  feeblest  absorbents,  while  the 
is  of  most  complex  constitution  were  the  most  powerful  absorbents.  Thus 
jiy  be  inferred  that  absorption  is  mainly  dependent  on  chemical  consti- 
Mi  :  that  is  to  say,  that  absorption  and  radiation  are  molecular  acts 
rpcndent  of  the  physical  condition  of  the  body. 

But  this  conclusion  seemed  to  be  contradicted  by  the  experiments  of 
sson  and  Courtepee  on  powders.  Tyndall  repeated  these  experiments, 
iding  certain  sources  of  error  into  which  they  had  fallen,  and  discovered 

the  radiation  of  powders  is  similar  to  that  of  the  solids  from  which 
.'  were  derived,  and  therefore  differs  greatly  inter  se.  The  absorbent 
CT  of  powders  was  also  found  to  correspond  with  their  radiative  power — 
re  have  shown  to  be  the  case  with  solids  and  gases,  and,  though  as  yet 
lave  no  experiments  on  the  subject,  is  doubtless  also  true  for  liquids. 

powders  were  attached  to  the  tin  surfaces  of  a  Leslie's  cube,  in  such  a 
iner  that  radiation  took  place  from  the  surface  of  the  powder  alone.  The 
m-ing  table  gives  the  radiation  in  units  from  some  of  the  powders  ex- 
oed  by  Tyndall  ;  the  metal  surface  of  the  cube  giving  a  detlcction  of  15 
i  :— 

Radiation  from  powders. 


Rock  salt 

.     35*3 

Sulphate  of  calcium 

•     777 

Btniodide  of  mercury 

.     397 

Red  oxide  of  iron     . 

.     78-4 

Sulphur  . 

.     406 

Hydrated  oxide  of  zinc    , 

.     804 

Carbonate  of  calcium 

.     702 

Sulphide  of  iron 

.     817 

Red  oxide  of  lead    . 

.     740 

Lampblack 

.     840 

The^  substances  are  of  various  colours.  Some  are  white,  such  as  rock 
.  carbonate  and  sulphate  of  calcium,  and  hydrated  oxide  of  zinc  ;  some 
red,  such  as  biniodide  of  mercury  and  oxide  of  lead  ;  whilst  others  are 
dk,  as  sulphide  of  iron  and  lampblack  ;  we  have  besides  other  colours. 
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The  colours,  therefore,  have  no  influence  on  the  radiating  power  :  rock  salt, 
for  example,  is  the  feeblest  radiator,  and  hydrated  oxide  of  zinc  one  of  the 
most  powerful  radiators. 

Nearly  a  century  ago  Franklin  made  experiments  on  coloured  pieces  of 
cloth,  and  found  their  absorption,  indicated  by  their  sinking  into  snow  on 
which  they  were  placed,  to  increase  with  the  darkness  of  the  colour.  But 
all  the  cloths  were  equally  powerful  absorbents  of  obscure  heat,  and  the 
effects  noticed  were  only  produced  by  their  relative  absorptions  of  light.  In 
fact,  the  conclusions  to  be  drawn  from  Franklin's  experiment  only  hold  good 
for  luminous  heat,  especially  sunlight,  such  as  he  employed. 

444.  Applloatlons. — The  properties  which  bodies  possess  of  absorbing, 
emitting,  and  reflecting  heat  meet  with  numerous  applications  in  domestic 
economy  and  in  the  arts.  Leslie  stated  in  a  general  manner  that  white 
bodies  reflect  heat  very  well,  and  absorb  very  little,  and  the  contrary  is 
the  case  with  black  substances.  As  we  have  seen,  this  principle  is  not 
generally  true,  as  Leslie  supposed  ;  for  example,  white  lead  has  as  great  as 
absorbing  power  for  non-luminous  rays  as  lampblack  (437).  Leslie's  principle 
applies  to  powerful  absorbents  like  cloth,  cotton,  wool,  and  other  organic 
substances  when  exposed  to  luminous  heat.  Accordingly,  the  most  suitable 
coloured  clothing  for  summer  is  just  that  which  experience  has  taught  us  to 
use,  namely,  white,  for  it  absorbs  less  of  the  sun's  rays  than  black  clothing, 
and  hence  feels  cooler. 

The  polished  fire-irons  before  a  fire  are  cold,  whilst  the  black  fender  is 
often  unbearably  hot.  If,  on  the  contrary,  a  liquid  is  to  be  kept  hot  as  long 
as  possible,  it  must  be  placed  in  a  brightly  polished  metallic  vessel,  for 
then,  the  emissive  power  being  less,  the  cooling  is  slower.  Hence  it  is 
advantageous  that  the  steam  pipes,  &c.,  of  locomotives  should  be  kept 
bright.  In  the  Alps,  the  mountaineers  accelerate  the  fusion  of  the  snowbjr 
covering  it  with  earth,  which  increases  the  absorbing  power. 

In  our  dwellings,  the  outsides  of  stoves  and  of  hot- water  apparans 
ought  to  be  black,  and  the  insides  of  fireplaces  ought  to  be  lined  with  fire- 
brick, in  order  to  increase  the  radiating  power  towards  the  apartment. 

It  is  in  consequence  of  the  great  diathermaneity  of  dry  atmospheric  air  - 
that  the  higher  regions  of  the  atmosphere  are  so  cold,  notwithstanding  the  - 
great  heat  which  traverses  them  ;  whilst  the  intense  heat  of  the  sun's  direct  ■" 
rays  on  high  mountains  is  probably  due  to*  the  comparative  absence  of  - 
aqueous  vapour  at  these  elevations. 

As  nearly  all  the  luminous  rays  of  the  sun  pass  through  water,  and  tbe    — 
sun's  radiation  as  we  receive  it  on  the  surface  of  the  earth  consists  <rf  * 
large  proportion  of  luminous  rays,  accidents  have  often  arisen  from  tbe  coo-   *^ 
vergence  of  these  luminous  rays  by  bottles  of  water  which  act  as  lenses.    I«    -* 
this  way  gunpowder  could  be  fired  by  the  heat  of  the  sun's  rays  conceal   cz 
trated  by  a  water  lens  ;  and  the  drops  of  water  on  leaves  in  grecnhoaJtf 
have,  it  is  said,  been  found  to  act  as  lenses,  and  bum  the  leaves  on  whic^ 
they  rest 

Certain  bodies  can  be  used  (436)  to  separate  the  heat  and  light  radialri 
from  the  same  source.     Rock  salt  covered  with  lampblack,  or  still  betttf    ss 
with  iodine,  transmits  heat,  but  completely  stops  light.     On  the  other  hm'    * 
alum,  either  as  a  plate  or  in  solution,  or  a  thin  layer  of  water,  is  penneablt  ; 
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to  light,  but  stops  all  the  heat  from  obscure  sources.  This  property  is  made 
(ue  of  in  apparatus  which  are  illuminated  by  the  sun's  rays,  in  order  to  sift 
die  rays  of  their  heating  power ;  and  a  vessel  full  of  water,  or  a  solution  of 
aium,  is  used  with  the  electric  light  when  it  is  desirable  to  avoid  too  intense 
iheat. 

In  gardens,  the  use  of  shades  to  protect  plants  depends  partly  on  the 
diathermancy  of  glass  for  heat  from  luminous  rays  and  its  athermancy  for 
obscure  rays.  The  heat  which  radiates  from  the  sun  is  largely  of  the  former 
quality,  but  by  contact  with  the  earth  it  is  changed  into  obscure  heat,  which, 
ks  such,  cannot  retraversc  the  glass.  This  explains  the  manner  in  which 
^greenhouses  accumulate  their  warmth,  and  also  the  great  heat  experienced 
a  summer  in  rooms  having  glass  roofs,  for  the  glass  in  both  cases  acts,  as 
h  were,  as  a  valve  which  effectually  entraps  the  solar  rays.  On  the  same 
principle  plates  of  glass  are  frequently  used  as  screens  to  protect  us  from  the 
heat  of  a  fire  ;  the  glass  allows  us  to  see  the  cheerful  light  of  the  fire,  but 
intercepts  the  larger  part  of  the  heat  radiated  from  the  fire.  Though  the 
screens  thus  become  warm  by  the  heat  they  have  absorbed,  yet,  as  they 
radiate  this  heat  in  all  directions  towards  the  fire  as  well  as  towards  us,  we 
finally  receive  less  heat  when  they  are  interposed. 

445.  Attrmetton  and  repulsion  arising  from  radiation. — Crookes  has 
i.^vrvered  a  highly  remarkable  class  of  phenomena  which  are  due  to  the 
•j'JLkT.t  action  of  heated  and  of  luminous  bodies.  These  phenomena  are 
Tj.-t  conveniently  illustrated  by  means  of  an  instrument  which  he  has 
>->'.'d  and  which  is  called  the  radiometer^  the  construction  of  which  is  as 
i  X'-Ai  ;— A  glass  tube  ('fig.  372;,  with  a  bulb  blown   on  it,  is  fused  at  the 

•  Tt'.ni  to  a  gl(iss  tube  which  at  one  end  ser\cs  to  rest  the  whole  apparatus 
:.  a  'A.fTKlen  support.  In  the  other  end  is  fused  a  fine  steel  point.  On  this 
^v.b  a  -mall  vane  or  fly,  consisting  of  four  arms  of  aluminium  wire  fixed  at 

:^  •s-nd  to  a  small  cap,  while  at  the  others  are  fixed  small  discs  or  lozenges 
{  :'r.in  mica,  coated  on  one  side  with  lampblack.     The  weight  of  the  fly  is 

*  ■•  ir.'^^re  than  two  grains. 

Ir.  '-rdcr  to  keep  the  fly  on  the  pivot  a  tube  is  fused  in  the  upper  part  of 
-.?  b  jlb  which  reaches  do\Mi  to  and  just  surrounds  the  top  of  the  cap,  with- 
■■--  however,  touching  it  ;  the  other  end  of  this  tube  is  drawn  out  and  con- 
>c:cd  with  an  arrangement  for  exhausting  the  air  by  the  Sprengel  pump 
•'  5  or  by  chemical  means  ;  when  the  desired  degree  of  exhaustion  has  been 
<*-A:ned  this  can  be  sealed.  By  keeping  the  apparatus  during  exhaustion  in 
*  ■. r :  air  bath  at  a  temperature  of  300%  the  gases  occluded  on  the  inner  surface 
'^'  'T.*z  ijlass,  and  by  the  vanes,  are  got  rid  of. 

If  a  source  of  light  or  of  heat,  a  candle  for  instance,  is  brought  near  the 
';..  i:  is  attracted,  and  the  fly  rotates  slowly  in  a  direction  showing  that  the 
Vacitened  side  moves  towards  the  light;  this  movement,  indicating  an 
irtrkction,  depends  on  a  certain  state  of  rarefaction.  If,  however,  the  appa- 
^-b  be  connected  with  an  arrangement  which  allows  the  pressure  to  be 
;ar-.ed.  this  rotation  gradually  diminishes  in  rapidity,  as  the  air  within  is 
>ir:::tr  rarefied,  until  a  certain  point  is  reached  at  which  it  ceases.  If 
s-.»  tr.e  rarefaction  is  pushed  further,  the  highly  remarkable  phenomenon 
^  ''..-served  that  repulsion  succeeds  to  attraction,  and  that  the  tlynow  rotates 
^  'iic  direction  of  the  blackened  sides  away  from  the  source  of  heat.     In 
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a  double  radiometer^  in  which  two  flys  are  pivoecd  independently  one  over 
the  other,  having  their  blackened  sides  opposite  each  other,  the  flys  rotate 

in  opposite  directions  on  the  approach 
of  a  lighted  candle.  When  a  cold  body, 
such  as  a  piece  of  ice,  is  brought  near, 
instead  of  a  hot  one,  exactly  the  opposirr 
eflfects  are  observed  ;  when  the  vcsiel 
contains  air  the  pith  ball  is  repelled,  the 
neutral  point  is  obser%'ed,  and  a£  ht^h 
degrees  of  rarefaction  attraction  ensues. 

One  of  the  most  important  facts 
brought  to  light  by  these  experiments 
is  that  what  has  hitherto  been  looked 
upon  as  a  complete  vacuum  is  noi  so 
in  reality ;  the  most  perfect  \acuam  oV 
tain  able  still  contains  a  certain 
of  gas,  as  has  been  proved  by 
peri  men  ts  of  Crookcs  and  others, 
whom  that  of  Kundt  may  be  meat! 
The  latter  placed  on  the  vanes  a 
disc  of  mica,  and  at  a  little  distance 
above  it  a  similar  disc  was  arranged  lo 
as  to  rotate  freely,  in  a  horiiontal  plane 
independently  of  the  first,  WTieo  the 
lower  vane  was  made  to  rotate  by  brittf. 
ing  a  light  near,  it  was  found  tttat  the 
upper  disc  was  also  put  in  rotation  b  the 
same  direction^  being  dragged  by  ibt 
viscosity  of  the  residual  air.  Accofdiii|[iy 
the  explan«ition  of  the  phenomena  of  tbe 
radiometer  must  take  into  ^rcoum  rte 
f  xistence  of  this  gaseous  residue 

The  nature  of  the  gas  seems  to  Iwiv' 
10    special     influence     on     the    pber 
inena ;  whether  the   vacuum   be  oix 
hydrogen,    of    aqueous    vapour,   or 
iodine  vapour,  seems  immaterial ;  ihcfc. 
^ith  hydrogen  the  exhaustion   need  f 
lJ>e*pushed  so  far  as  with  air.    The   repulsion  takes  place  with  all  the  xr 
ihe  spectrum,  the  intensity  diminishing  from  the  ultra  red  to  the  ult 
violet.     When  the  chemical  rays  act,  the  interposition  of  a  plate  of  aKuni^'^ 
no  etTcct,  while  a  solution  c)f  iodine  in  bisulphide  of  carboQ  diminiihii  tl* 
repulsion.     The  rate  at  which  the  vane  rotates  depends  on  the  tntrr 
the  source  of  light     With  a  strong  light  the  rotation  is  so  rapid  thut 
cannot  be  determined.     With  two  candles  at  the  same  di*t 
is  twice  as  rapid  as  with  one.    Two  sources  of  light  which,  su 
at  the  same  distance,  produce  the  same  rate  of  rotation^  are  ««tual  to 
sity.     If,  when  placed  at  didcrent  distances,  they  produce  the  same 
af  rotation,  their  intensities  are  directly  as  the  squares  of  these  dislaDcof^^ 
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c  radiometer.  On  this  is  based  the  use  of  the  instrument  as  a  photometer 
09  for  comparing  together  various  sources  of  artificial  light.  It  may  likewise 
!  used  for  making  comparative  measurements  of  the  intensity  of  sunlight, 
id  the  distribution  of  heat  in  the  solar  spectrum  may  be  investigated  by  its 
cans. 

It  is  not  difficult  to  understand  that  the  attraction  obser\'ed  in  the  experi- 
rats.  as  long  as  the  apparatus  still  contains  air,  may  be  explained  by  the 
lion  of  convection  currents.  For  heat  falling  upon  this  blackened  disc 
>u]d  raise  its  temperature,  and  the  temperature  of  a  layer  of  air  in  im- 
ediate  contact  with  the  disc  would  be  raised  too  ;  it  would  expand  and 
ie.  flowing  over  into  the  space  behind  the  disc,  and  would  thus  increase  the 
cssure  there. 

On  the  other  hand  the  repulsion  observed  at  the  higher  degrees  of  ex- 
iostioa,  approaching  a  vacuum,  is  explained  by  reference  to  the  modem 
rws  as  to  the  constitution  of  gases,  of  which  it  is  at  once  an  illustration 
id  a  proof. 

The  general  nature  of  this  theor>'  is  that  a  gas  is  an  assemblage  of  in- 

(pendent  molecules,  which  are  perfectly  elastic,  and  which  move  with  great 

|Hdity  ;  their  impaas  against  the  sides  of  the  vessel  in  which  the  gas  is 

xuained  are  the  cause  of  the  pressure.     The  impact  of  the  molecules 

^n^t  each  other  is  the  mechanism  by  which  the  equal  transmission  of 

ressure  in  gases  is  effected  (294). 

Crookes  has  calculated  that  the  mechanical  effect  of  the  force  of  repulsion 

cqcil  10  about  the  ,,V,  of  a  miUi;,rramme  on  a  square  centimetre,  and  Stoney 

^shuAn  that  this  force  is  sufficient  to  account  for  the  etTects  obser\'ed,  by 

?rtnn:  to  admitted  principles  of  the  mechanical  theor>*  of  gases. 

Th*:  rays  of  heat  pass  through  the  thin  glass  without  raising  its  tempera- 

.  arcl.  filling  on  the  blackened  side  of  the  vane,  are  absorbed  by  it ;  the 

iequ'.n«:f  of  this  is,  that  it  will  become  sli;;htly  hotter.     The  layer  of  ex- 

tly  rarefied  air  in  immediate  contact  with  the  blackened  disc  will  also 

me  vimeuhat  hotter,  and  the  molecules  will   fly  from  the  disc  with 

tr  vehxity.     Under  ordinary  pressures  or  even  at  moderate  dc^Tees  of 

cti'^'n  these  more  rapid  motions  would  be  equalised  by  their  impacts 

.r  other  molecules,  and  a  uniformity  of  pressure  -that  is,  of  temperature 

Id  \y*:  Cr'tablished.    Hut  the  frecjuency  of  these  intramolecular  shocks 

ihes  r.ipidly  with  the  increase  of  rarefaction  :  and  the  consequence  is, 

rr*  at  number  of  molecules,  after  havin;,'  been  heated  by  contact  with 

kfrn'.d  t»ide  of  the  palette,  will  strike  a;;ainst  the  cold  j^'lass.    The  elTect 

ill  r»e  tt>  cool  these  molecules    -that  is,  to  diminish  their  velocity  ;  it 

h:cr?y  molecules  of  this  kind  which  fall  on  the  back  of  the  disc,  and 

-;^-ii«n>  Ixthind  it.     An  excess  of  force  equal  and  opposite  to  that  on 

^r\^  a^jainst  the  front  of  the  di^^r,  and  is  sufficient  to  account  for 

omena  exhibited  by  Crookes. 

fiws  from  this  explanation  that,  other  thin;;s  beinj;  equal,  a  tly  will 

re  rapidly  in  a  small  than  in  a   lar>;e  bulb.     This  has  been  con- 

)roved  by  Crookes.  who  construe  ted  a  double-bulb  radiometer,  the 

bein.^'  vcr>*  ditTerent  in  size,  and  so  connerted  that,  by  dexterous 

on,  the  fly  could  be  transferred  from  the  pivot  of  the  one  to  that 

r  bulb. 
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The  radiometer  is  well  adapted  for  the  lecture  demonstration  of  many 
phenomena  in  heat.  Thus  the  law  of  the  inverse  square  (4 1 4)  may  be  illustrated 
by  counting  the  number  of  rotations  when  the  instrument  is  placed  at  varying 
distances  from  the  source  of  heat. 

446.  Zntemttl  fkietton  or  vlsoosltj  of  rases. — In  some  recent  expert- 
ments  in  connection  with  the  radiometer,  Crookes  used  an  arrangement  am- 
sisting  of  a  long  but  light  arm  of  straw  suspended  by  a  delicate  glass  fibre 
in  a  sort  of  T  tube  turned  upside  down  ;  in  this  way  even  a  greater  d^ree 
of  delicacy  was  obtained  than  with  the  radiometer.  Thus  he  was  able  to 
get  a  deflection  by  moonlight,  which  does  not  move  the  fly  of  the  radiometer. 
He  examined  the  internal  friction  or  viscosity  of  the  residual  gas  by  caasiaf 
the  arm  to  oscillate,  and  then  observing  the  rate  at  which  the  osdllatiaiii 
diminish  under  various  pressures.  He  thus  found  that  from  ordinary  pres> 
sures  down  to  a  pressure  of  0*19  mm.,  or  what  may  be  called  a  TorricdliiB 
vacuum,  the  viscosity  is  practically  constant,  only  diminishing  from  0*12610 
0'ii2.  It  now  begins  to  fall  off,  and  at  a  pressure  of  0*000076 mm.  it  has 
diminished  to  o*oi,  or  about  j\ .  Simultaneously  with  this  decrease  ia 
viscosity  the  force  of  repulsion  excited  by  a  standard  light  on  a  blackened 
surface  varies.  It  increases  as  the  pressure  diminishes  until  the  exhnf* 
tion  is  about  0*05  mm.,  and  attains  its  maximum  at  about  0*03  mm.  It  thai 
sinks  ver>'  rapidly  until  it  is  at  0*000076  mm.,  when  it  is  less  than  ^^  of  its 
maximum. 

The  viscosity  varies  in  different  gases ;  it  is  considerably  less  in  hydrogeo 
than  in  air  ;  and  hence  it  is  not  necessary  to  drive  the  exhaustion  so  for  to 
produce  a  considerable  degree  of  repulsion. 

The  researches  of  Crookes  have  opened  the  way  to  an  entirely  new  ficW 
of  experimental  inquiry  into  the  phenomena  which  occur  in  what  is  called 
the  ultra-gaseous  state  of  matter,  or  that  in  which  the  rarefaction  of  gases  is 
pushed  to  its  utmost  limits.  The  state  in  which  molecular^  as  distinguished 
from  molary  actions  come  into  play,  has  been  aptly  termed  Crockets  vacuum. 
A  further  account  of  the  researches  requires  too  great  an  amount  of  detail 
for  the  purposes  of  this  work  ;  and  it  must  also  be  added  that  the  cxplaiuk 
tions  which  have  been  given  are  still  not  beyond  the  range  of  controversy. 

446a.  molatloii  of  imdiant  beat  to  soimd. — This  subject  has  of  lii^ 
engaged  the  attention  of  several  physicists,  among  whom  may  be  pardcnUr- 
ised  Bell  and  Tainter,  Tyndall,  Preece,  and  Mercadier.  A  convenient  w^ 
of  showing  the  phenomena  is  by  means  of  an  apparatus  constructed  M 
Duboscq,  the  essential  features  of  which  are  represented  in  fig.  374.  Iti> 
an  arrangement  by  which  an  intermittent  beam  of  radiant  heat  may  be  made 
to  act  on  various  bodies,  and  consists  of  a  disc  D  mounted  on  a  horiiootil 
axis,  and  which,  by  means  of  the  multiplying  wheels  P  and  P',  may  ^ 
rotated  at  any  desired  speed.  In  the  disc  is  a  series  of  holes  the  nmnlw* 
of  which  are  in  some  multiple  of  the  ratio  4:5:6:8.  This  apparatos  c* 
stitutes  in  fact  a  syren  (242),  and  is  very  convenient  for  lecture  porpo*^ 
If,  while  the  disc  is  rotating  with  uniform  speed,  a  current  of  air  be  succe** 
sively  directed  against  the  rows  of  holes  from  the  inside  to  the  outside,  «t 
get  the  fundamenttil  note,  the  third,  the  fifth,  and  the  octave. 

On  the  stand  is  a  support  on  which  the  arrangement  o  may  be  fixed  • 
any  position  by  means  of  the  screw  5  ;  it  consists  of  a  screen  and  wide  tid* 
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\  vhtdi  is  the  source  of  radiant  heat,  not  represented  in  the  figure 
support  may  be  fitted  a  double  convex  lens^  if  the  rays  are  to  b^ 
one  line  of  holes,  or  a  c>^lindrical  lens  when  a  slice  of^ 
I  rays  is  to  be  used  ;  or  the  rays  may  be  concentrated  by  a  mirror,  to  1 
^ol  the  cflTccts  of  absorption  by  j^Hass.     The  support  s  is  for  holding  " 
I  of  apparatus. 
£eHtnd  that  when  a  flask  like  that  represented  in  fig.  yj'^^  con- 
k]l  quantity  of  ether,  was  placed  so  that  the  intermittent  beam 
I  Itme-Ught  could  fall  on  it,  and  the  top  was  connected  with  a 
\  tobef  a  distinct  musical  note  was  heard  when  the  ear- trumpet  was 
t  ear.     Other  liquids  being  tried  it  was  found  that  those  w  hicb  his 
ents  had  revealed  as  the  best  absorbers  of  heat  (440)  gave  the 
Biis,     The  vapour  was  the  operative  cause,  for  when  the  beam 
to  strike  against  the  liquid  instead  of  against  the  vapour  no 
I  liieard  ;  this  was  also  the  case  when  the  rays  fell  on  a  rock  salt 
the  liquid.     The  pilch  of  the  note  depended  on  the  velocity 

air  gave  no  sound,  but  air  containing  moisture  did  so  \  and  the 

noisttu^  was  present  the  louder  was  the  sound.     Other  gases  gave 

in  the  order  of  their  absorption  for  heat ;  and,  indeed,  all  Tyndall's 

I  In  this  direction  are  most  strikingly  confirmed. 

\  inife^tigations  of  the  other  experimenters,  Preece,  Bell  and  Tainter, 

iJicT,  were  chiefly  directed  to  the   effects  produced  when  the 

\  beam  is  allow^ed  to  fall  on  solid  bodies.     A  sort  of  an  acoustic 
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'  ^  >'  Mercadter,  consisting  of  a  movable  piece  ah 

M>  Uui  pUlc^  L  of  various  materials  could  be  experimented 
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upon.     The  other  end/  is  fitted  with  a  flexible  tube  and  bell  so  that  it  codd 
be  applied  to  the  ear. 

When  the  intermittent  beam  is  allowed  to  act  on  this  plate  it  is  set  in 
vibration  and  a  sound  is  produced-     This  is  not  due  at  any  rate  mainly  to 
transverse  vibrations  of  the  plate,  for  neither  the  pitch  nor  quality  of  the  note 
was  altered  when  the  thickness  and  nature  of  the  plate  was  changed  (282) 
nor  was  it  altered  when  the  plate  was  slit.     The  best  effects  were  obtained 
when  the  diaphragm  was  of  thin  metal  foil  coated  with  lampblack  on  the 
side  next  the  rays.     Marked  effects  were  also  obtained  when  a  transparent 
plate  was  used  blackened  on  the  side  away  from  the  rays.    The  effect  is  one 
of  radiant  heat,  and  is  essentially  due  to  alternate  expansions  and  contrac- 
tions of  the  layer  of  air  in  contact  with  the  surfaces  which  absorb  the  radiant    \ 
heat     The  phenomenon  may  be  very  simply  exhibited  by  blackening  hii    I 
the  inside  of  a  test  tube  R,  the  open  end  of  which  is  provided  with  a  flexibk   I 
tube  which  can  be  placed  to  the  car.    When  the  rays  fall  on  the  blackowd   \ 
part  a  loud  sound  is  heard,  but  very  little  when  the  bright  side  is  exposed,   a 
The  effect  is  also  obtained  when  a  blackened  piece  of  foil  is  placed  in  the    1 
tube.  1 
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CHAPTER   IX. 

CALORIMETRY. 

€9al«rlmetr7.  Tliermal  unit. — The  object  of  calorimetry  is  to 
\  the  quantity  of  heat  which  a  body  parts  with  or  absorbs,  when  its 
turc  sinks  or  rises  through  a  certain  number  of  degrees,  or  when  it 
its  condition. 

itities  of  heat  may  be  expressed  by  any  of  its  directly  measurable 
Mit  the  most  convenient  is  the  alteration  of  temperature,  and  quan- 
heat  are  usually  defined  by  stating  the  extent  to  which  they  are 
of  raising  a  known  weight  of  a  known  substance,  such  as  water. 
t  chosen  for  comparison,  and  called  the  thermal  unit,  is  not  every- 
le  same.  In  France  it  is  the  quantity  of  heat  necessary  to  raise  the 
turc  of  one  kilogramme  of  water  through  one  degree  Centigrade  ;  this 
I  a  cii/orie.  In  this  book  we  shall  adopt,  as  a  thermal  unit,  the 
'  0/  hc'it  necessary  to  raise  one  pound  of  water  through  one  degree 
idc  :  I  calorie  «  2*2  thermal  units,  and  one  thermal  unit  =  0*45  calorie. 
he  ccntimetre-gramme-second  system  of  units  the  heat  required  to 
t  ;^ramme  of  water  through  one  degree  is  taken  as  the  unit.  This  is 
It  gramme  degree  or  icater  gramme  degree, 

•pedflo  beat. — When  equal  weights  of  two  different  substances,  at 
•  temperature,  placed  in  similar  vessels,  are  subjected  for  the  same 
>f  time  to  the  heat  of  the  same  lamp,  or  are  placed  at  the  same 
in  front  of  the  same  fire,  it  is  found  that  their  temperatures  will  vary 
ably  :  thus  mercury  will  be  much  hotter  than  water.  Hut  as,  from 
litif>n>  of  the  experiment,  they  have  each  been  receiving  the  same 
of  heat,  it  is  clear  that  the  quantity  of  heat  which  is  sufficient  to 
'.  tcm{>eraturc  of  mercury  through  a  certain  number  of  degrees,  will 
se  the  temperature  of  the  same  quantity  of  water  through  a  less 
of  dcj^'rees  ;  in  other  words,  that  it  requires  more  heat  to  raise  the 
ture  of  water  through  one  degree  than  it  does  to  raise  the  temperature 
ITS  by  the  same  extent.  Conversely,  if  the  same  quantities  of  water 
lertur)'  at  100^  C.  be  allowed  to  cool  down  to  the  temperature  of  the 
water  will  require  a  much  longer  time  for  the  purpose  than  the 
;  hcn(.e,  in  cooling  through  the  same  number  of  degrees,  water 
t  more  heat  than  does  mercur)-. 

readily  seen  that  all  bodies  have  not  the  same  specific  heat.  If  a 
f  mLTLur)'  at  loo'^  is  mixed  with  a  pound  of  water  at  zero,  the  tem- 
of  :hc  mixture  will  only  be  about  3^  ;  that  is  to  say,  that  while  the 
has  cooled  through  97^,  the  temperature  of  the  water  has  only  been 
'.  Consequently  the  same  weight  of  water  requires  about  32  times  as 
^at  as  mercury  does,  to  produce  the  same  elevation  of  temperature. 
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If  similar  experiments  are  made  with  other  substances  it  will  be  found 
that  the  quantity  of  heat  required  to  effect  a  certain  change  of  temperature 
is  different  for  almost  every  substance,  and  we  speak  of  the  specific  heat,  or 
thermal  or  calorific  capacity  of  a  body  as  the  quantity  of  heat  which  it  absorbs 
when  its  temperature  rises  through  a  given  range  of  temperature,  from  lero 
to  1°  for  example,  compared  with  the  quantity  of  heat  which  would  be 
absorbed,  in  the  same  circumstances,  by  the  same  weight  of  water  ;  that  is, 
water  is  taken  as  the  standard  for  the  comparison  of  specific  heats.  Thus, 
to  say  that  the  specific  heat  of  lead  is  0*0314,  means  that  the  quantity  of 
heat  which  would  raise  the  temperature  of  any  given  weight  of  lead  throu^ 
I®  C.  would  only  raise  the  temperature  of  the  same  weight  of  water  through 
0-0314°  C. 

Temperature  is  the  vis  viva  of  the  smallest  particles  of  a  body ;  in 
bodies  of  the  same  temperature  the  atoms  have  the  same  vis  wvoy  the 
smaller  mass  of  the  lighter  atoms  being  compensated  by  their  greater 
velocity.  The  heat  absorbed  by  a  body  not  only  raises  its  temperature — that 
is,  increases  the  vis  viva  of  the  progressive  motion  of  the  atoms — ^but  in  over- 
coming the  attraction  of  the  atoms  it  moves  them  further  apart,  and  9iaog 
with  the  expansion  which  this  represents,  some  external  pressure  is  overcome.  ' 
In  the  conception  of  specific  heat  is  included,  not  merely  that  amount  of  heat  « 
which  goes  to  raise  the  temperature,  but  also  that  necessary  for  the  internal 
work  of  expansion,  and  that  required  for  the  external  work.  If  these  latter 
could  be  separated,  we  should  get  the  true  heat  0/  temperature^  that  which  is 
used  solely  in  increasing  the  vis  viva  of  the  atoms.  This  is  sometimes 
called  the  true  specific  heat. 

Three  methods  have  been  employed  for  determining  the  specific  heats  of 
bodies :  (i.)  the  method  of  the  melting  of  ice,  (ii.)  the  method  of  mixtures^ 
and  (iii.)  that  of  cooling.     In  the  latter,  the  specific  heat  of  a  body  is  deter-     % 
mined  by  the  time  which  it  takes  to  cool  through   a  certain  tempcranne. 
Previous  to  describing  these  methods,  it  will  be  convenient  to  explain  tbc    _= 
expression  for  the  quantity  of  heat  absorbed  or  given  out  by  a  body  of  known 
weight  and  specific  heat,  when  its  temperature  rises  or  falls  through  a  certain    -rr, 
number  of  degrees. 

449.  Measure  of  tbe  aenalble  beat  absorbed  by  a  body. — Let «  be    : 
the  weight  of  a  body  in  pounds,  c  its  specific  heat,  and  /  its  tempcratnit  - 
The  quantity  of  heat  necessary  to  raise  a  pound  of  water  through  one  dcgne 
being  taken  as  unity,  m  of  these  units  would  be  required  to  raise  m  poon^  \ 
of  water  through  one  degree,  and  to  raise  it  through  /  degrees,  /  times  H  ;    - 
much,  or  mt.     As  this  is  the  quantity  of  heat  necessary  to  raise  throggk' 
degrees  m  pounds  of  water,  whose  specific  heat  is  unity,  a  body  of  the  s««e  :- 
weight,  only  of  different  specific  heat,  would  require  mtc.     Consequently 
when  a  body  is  heated  through  /  degrees,  the  quantity  of  heat  whicfc  < 
absorbs  is  the  product  of  its  weighty  into  the  range  of  temperature^  inH^  > 
specific  heat.     This  principle  is  the  basis  of  all  the  formula;  for  calculati^J  ■;^' 
specific  heats. 

If  a  body  is  heated  or  cooled  from  t  to  t  degrees,  the  heat  absorbed*  — 
disengaged  will  be  represented  by  the  formula 

///(/' -/)c-,  or ;//(/- /V 
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45a  aietlMd  af  tli6  mslon  oftoe.— This  method  of  determining  specific 
\s  based  on  the  fact  that  to  meh  a  pound  of  ice  80  thermal  units  are 

aecesfifuy,  or  more  exactly  79*25.     Black's  calorimeter  (fig,  376)  consists  of 

a  block  of  ice   in  which  a  cavity  is  made, 

mud  which  is  provided  with  a  cover  of  ice. 

Tbc  substance  whose  sped 6c  heat  h  to  be 

4cseraiiii^  is  heated  to  a  certain  tempera- 
are,  and  is  then  placed  in  the  cavity,  which 

Ift  covered.     After  some  lime  the  body  be- 

^^qrfV**  cooled  to  zero.    It  is  then  opened,  and 

both  tbe  substance  and  the  cavity  wiped  dry 

wttb    SI   sponge  which  has  been   previously 
■■■  ^ji^li^a       The  increase  of  weight  of  this 

apm^ge  obviously  represents  the  ice  which  fig.  37^^ 

IIba  beee  converted  into  water, 

Noir»  since  one  pound  of  ice  at  0°  in  melting  to  water  at  o''  absorbs  80 
fhcfiikftl  units,  P  pounds  absorbs  So  P  units.  On  the  other  hand  this  quan- 
tttf  of  heat  is  equal  to  the  heat  given  out  by  the  body  in  cooling  from  f*  to 
WB%  nhach  is  mh\  for  it  may  be  taken  for  granted  that  in  cooling  from  ^  to 
■ro^body  gives  out  as  much  heat  as  it  absorbs  in  being  heated  from  zero 
*o  f.    Consequently  from 

mfc  -  80  P  v\  e  have  c  =  ^^, 
fHi 

It  t»  diiaicult  to  obtam  blocks  of  ice  iis  large  and  pure  as  those  used  by 

flKk  in  kis  experiments,  and  Lavoisier  and  Laplace  replaced  the  block  of 

iesbf  m  nMnre  com  plica  ted 

^ppttmci»  which  is  called 

itAor  caUfrimittr,     Fig. 

P7  ghr^s  a   pempectivc 

liMr  oC  H,   and  fig.  378 

ftfimmu  a  section.     It 

iSQMm  of  three  concen- 

trie  do   voseb ;   in   the 

nanal  oiie  is  placed  the 

body  If,  whose  specific 

beai  »  to  be  determined^ 

vluileihe  two  others  are 

HM  with   ptiunded   ice. 
n  in  ihc  compart- 
A  b  melted  by  the 
body*   while    the 

ieiiotll^  compartment  U 

«llB  iM  the  hGLtmg  influ-  pjg.  j^,. 

«C8  oC  the  surrounding 

^matfkm^    The  two  stopcocks  E  and  D  give  issue  to  the  water  which 

antGl  iriMll  the  bquefaction  of  the  ice. 

I»  ofder  to  find  the  specific  heat  of  a  body  by  this  apparatus,  its  weight, 
\\  Bra  ddoaiafisi;  it  is  then  raised  to  a  given  temperature^  i^  by  keeping 
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it  for  some  time  in  an  oil  or  water  bath,  or  in  a  current  of  steam.  Ha>'ing 
been  quickly  brought  into  the  central  compartment,  the  lids  are  replaced 
and  covered  with  ice,  as  represented  in  the  figure.  The  water  which  flows 
out  by  the  stopcock  D  is  collected.  Its  weight,  P,  is  manifestly  that  of  the 
melted  ice.  The  calculation  is  then  made  as  in  the  preceding 
case. 

There  are  many  objections  to  the  use  of  this  apparatus. 
From  its  size  it  requires  some  quantity  of  ice,  and  a  body,  M, 
of  large  mass  ;  while  the  experiment  lasts  a  considerable  time. 
A  certain  weight  of  the  melted  water  remains  adhering  to  the 
ice,  so  that  the  water  which  flows  out  from  D  does  not  exactly 
represent  the  weight  of  the  melted  ice. 

451.  BiiBseii's  loe  calorimeter. — On  the  very  considerable 
diminution  of  volume  which  ice  experiences  on  passing  into 
water  (347),  Bunsen  has  based  a  calorimeter  which  is  particti- 
larly  suitable  when  only  small  quantities  of  a  substance  can 
be  used   in   determinations.     A  small   test  tube  a  {/cvg,   379) 
intended  to  receive  the  substance  experimented  upon  is  fused 
in    the   wider  tube    B.     The  part  ab  contains   pure  freshly 
boiled  distilled  water,  and  the  prolongation  of  this  tube  BQ 
together  with   the  capillary   tube  d^  contains   pure  mercury. 
This  tube  d  is  firmly  fixed  to  the  end  of  the   tube   C  ;  it  is 
graduated,  and  the  value  of  each  division  of  the  graduation  is 
specially  determined  by  calibration.     When  the  apparatus  i$ 
immersed   in   a  freezing  mixture,   the   water   in    the   part  ok 
freezes.     Hence,  if  afterwards,  while  the  apparatus  is  protected 
against  the  excess  of  heat  from  without,  a  weighed  quantity  d 
a  substance  at  a  given  temperature  is 
introduced    into  the  tube,  it  imparts 
its  heat  to  this  in  sinking  to  zera    In 
doing  so  it  melts  a  certain  quantit)' 
of  ice,  which  is  evidenced  by  a  cor- 
responding depression  of  the  mercury 
in   the  tube  d.    Thus  the  weight  of 
ice  melted,  together  with  the  weight 
and  original  temperature  of  the  sub- 
stance cx|>erimcnted  upon,  furnish  all 
the  data  for  calculating  the  specific 
heat. 

For  heating  the  substance  in  this, 
and  also  in  other  calorimctrical  ex- 
periments, the  apparatus  fig.  380  is 
well  adapted.  The  cylindrical  mctjl 
vessel  Ci  is  nanowcr  at  the  t(»p,ani 
a  glass  test-tube  R  is  fitted  into  t 
cork  which  clobes  G.  In  this  glass  tube, 
which  is  also  closed  by  a  cork  K,  the 
substance  is  placed  which  is  to  be  heated.  The  greater  part  of  the  vessel  i$ 
covered  by  a  thick  mantle  of  felt,  H.     The  water  in  the  vessel  is  boiled  the 
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steam  emerging  at  d^  until  the  substance  has  acquired  the  temperature  of 
boiling  water,  for  which  about  twenty  minutes  is  required.  The  mantle  and 
the  lamp  having  been  taken  away,  the  tube  R  is  rapidly  removed,  and  its 
contents  tipped  into  the  tube  a  of  the  calorimeter  (fig.  378). 

For  this  method  of  determining  specific  heat  a  new  determination  of  the 
latent  heat  of  ice  was  made,  and  was  found  to  be  80*025.  ^^  ^^^  ^^^  ^^  c^^' 
ncction  with  these  experiments  that  Bunsen  made  his  determination  of  the 
specific  gravity  of  ice,  which  he  found  to  be  in  the  mean  0*91674. 

By  the  above  method  Bunsen  determined  the  specific  heat  of  several  of 
the  rare  metals  for  which  a  weight  of  only  a  few  grains  could  be  used. 

452.  W«tliod  of  mlztiires. — In  determining  the  specific  heat  of  a  solid 
body  by  this  method,  it  is  weighed  and  raised  to  a  known  temperature,  by 
keeping  it,  for  instance,  for  some  time  in  a  closed  place  heated  by  steam  ; 
It  is  then  immersed  in  a  mass  of  cold  water,  the  weight  and  temperature  of 
vhich  arc  known.  From  the  temperature  of  the  water  after  mixture  the 
specific  heat  of  the  body  is  determined. 

Let  M  be  the  weight  of  the  body,  T  its  temperature,  c  its  specific  heat ; 
and  let  jvf  be  the  weight  of  the  cold  water,  and  /  its  temperature. 

As  soon  as  the  heated  body  is  plunged  into  the  water,  the  temperature  of 
the  latter  rises  until  both  are  at  the  same  temperature.  Let  this  temperature 
bt  ^.  The  heated  body  has  been  cooled  by  T  -  ^  ;  it  has,  therefore,  lost  a 
■V:aritity  of  heat,  ^  (T  -6)c.  The  cooling  water  has,  on  the  contrary',  ab- 
VTrjcvl  a  quantity  of  heat  equal  to  m{B  —  /),  for  the  specific  heat  of  water  is 
.::.!}.  Now  the  quantity  of  heat  given  out  by  the  body  is  manifestly  equal  to 
>  'juantity  of  heat  absorbed  by  the  water  ;  that  is,  M(T  ~  6)c «  m{d  -  /),  from 

m(B  -  /; 

An  example  will  illustrate  the  application  of  this  formula.  A  piece  of 
'  n  weighing  60  ounces,  and  at  a  temperature  of  100°  C,  is  immersed  in 
*io  fjunces  of  water,  whose  temperature  is  19°  C.  After  the  temperatures 
*^\t  Ijccome  uniform,  that  of  the  cooling  water  is  found  to  be  22°  C.  What 
'*  "ht  specific  heat  of  the  iron  ? 

}'>rc  the  weight  of  the  heated  body,  M,  is  60,  the  temperature,  T,  is  loo*', 
*  T  •.'»  be  determined  ;  the  temperature  of  mixture,  ^,  is  22*^,  the  weight  of 
'--■'-*  C'loling  water  is  180,  and  its  temperature  12°.     Therefore 

60(100-22;      y^ 

iS>  Correction*. — The  vessel  containing  the  cooling  water  is  usually 
?  ^rr^Ail  olinder  of  silver  or  brass,  with  thin  polished  sides,  and  is  supported 
.^  K»Tie  riadly  conducting  arrangement.  It  is  obvious  that  this  vessel,  which 
'*  ''ri^'jrially  at  the  temperature  of  the  cooling  water,  shares  its  increase  of 
^- p^rature,  and  in  accurate  experiments  this  must  be  allowed  for.  The 
^:?a»e  of  temperature  of  the  heated  body  is  equal  to  the  increase  of 
■^;*ra:urc  of  the  cooling  water,  and  of  the  vessel  in  which  it  is  contained. 
■  '.H^  weight  of  this  latter  be  w',and  its  specific  heat  r',  its  temperature,  like 
"■^A*  "f  the  water,  is  /  :  consequently  the  previous  equation  becomes 
M<T - ^) - m(e -  /,  +  m'c'{0 - 1) ; 
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from  which,  by  obvious  transfonnations, 

(m  +  w'O  (^-^ 

Generally  speaking,  the  value  mY  is  put->/i ;  that  b  to  say,  !&  is  th 
weight  of  water  which  would  absorb  the  same  quantity  of  heat  as  the  vesse 
This  is  said  to  be  the  reduced  value  in  water  of  the  v^sel,  or  i}DAVfaier  eqm 
valent.    This  expression  accordingly  becomes 

In  accurate  experiments  it  is  necessary  to  allow  also  for  the  heat  absorbe 
by  the  glass  and  mercury  of  the  thermometer,  by  introducing  into  the  equa 
tion  their  values  reduced  on  the  same  principle. 

In  order  to  allow  for  the  loss  of  heat  due  to  radiation,  a  preliminary  exper 
ment  is  made  with  the  body  whose  specific  heat  is  sought,  the  only  objec 
of  which  is  to  ascertain  approximately  the  increase  of  temperature  of  tin 
cooling  water.  If  this  increase  be  lo"",  for  example,  the  temperature  of  tbc 
water  is  reduced  by  half  this  number — that  is  to  say,  5®  below  the  tempeii- 
ttu'e  of  the  atmosphere — and  the  experiment  is  then  carried  out  in  the 
ordinary  manner. 

By  this  method  of  compensation,  first  introduced  by  Rumford,  the  ^-ater 
receives  as  much  heat  from  the  atmosphere,  during  the  first  part  of  the  ex- 
periment, as  it  loses  by  radiation  during  the  second  part. 

454.  Xeciimiiirs  appaimtiis  for  determining  ■peelfle  he^f . — Fig.  3^1 
represents  one  of  the  forms  of  apparatus  used  by  Regnault  in  determining 
specific  heats  during  the  method  of  mixtures. 

The  principal  part  is  a  water  bath,  AA,  of  which  fig.  382  represents  » 
section.  It  consists  of  three  concentric  compartments  ;  in  the  central  ooc 
there  is  a  small  basket  of  brass  wire,  c,  containing  fragments  of  the  substance 
whose  specific  heat  is  to  be  determined,  in  the  middle  of  which  is  placed  * 
thermometer,  T.  The  second  compartment  is  heated  by  a  current  of  sicaii» 
coming  through  the  tube,  e,  from  a  boiler  B,  and  passing  into  a  worm,  ^ 
where  it  is  condensed.  The  third  compartment,  ii^  is  an  air  chamber,  JO 
hinder  the  loss  of  heat.  The  water  bath,  AA,  rests  on  a  chamber,  K,  *tJ** 
double  sides,  EE,  forming  a  jacket,  which  is  kept  full  of  cold  water,  in  orde^ 
to  exclude  the  heat  from  AA,  and  from  the  boiler,  B.  The  central  compart- 
ment of  the  water  bath  is  closed  by  a  damper,  r,  which  can  be  opened  ^ 
pleasure,  so  that  the  basket,  c^  can  be  lowered  into  the  chamber,  K. 

On  the  left  of  the  figure  is  represented  a  small  and  very  thin  brass  ve$$» 
D,  suspended  by  silk  threads  on  a  small  carriage,  which  can  be  moved  cf^ 
of,  or  into,  the  chamber,  K.  This  vessel,  which  serves  as  a  calorimeter,  con- 
tains water,  in  which  is  immersed  a  thermometer,  /.  Another  thennomettf 
at  the  side,  Z',  gives  the  temperature  of  the  air. 

When  the  thermometer  T  shows  that  the  temperature  of  the  substaflC* 
in  the  bath  is  stationar)',  the  screen,  ^,  is  raised,  and  the  vessel,  D,  moved  !• 
just  below  the  central  compartment  of  the  water  bath.  The  damper,  fi  * 
then  withdrawn,  and  the  basket,  r,  and  its  contents  are  lowered  into  the  wa^ 
in  the  vessel,  D,  the  thermometer,  T,  remaining  fixed  in  the  cork.    T^ 
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camigie  sind  the  vessel,  D,  are  then  moved  out,  and  the  water  agitated  until 
ihc  thermometer,  T,  becomes  statianan'.  The  temperature  which  it  indicates 
in  $,  This  icmperai^irc  known,  ihe  rest  of  the  calculation  is  made  in  the 
manner  described  in  art.  449^  care  being  taken  to  make  all  the  necessary 
rorrrrtTons. 

t     ;     '   n-  the  specific  heat  of  substances — phosphorus,  for  instance 

•  IP    :  ot  be  heated  without  causing  them  to  meU,  or  undergo  some 

which  would   interfere   with   the  accuracy  of  the   result,  RegnauU 

an  inverse  process :  he  cooled  tJiem  down  to  a  temperature  con- 

•dfiikbly  below  that  of  the  water  in  the  calorimeter,  and  then  observed  the 

finintttion  in  tlie  temperature  of  the  latter,  which  resulted  from  immersing 

dtt  cooled  substimce  in  it, 

Iq  detemimmg  the  specific  heat  of  substances,  which,  like  potassium, 
mid  decomiKJsc  water,  some  other  liquid,  such  as  turpentine  or  benzole, 
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455.  IBetlftod  of  eoollnc. — Equal  weights  of  different  bodies  who» 
specific  heats  are  different,  will  occupy  different  times  in  cooling  througl 
the  same  number  of  degrees.  Dulong  and  Petit  applied  this  principle  ii 
determining  the  specific  heats  of  bodies  in  the  following  manner  : — A  smal 
polished  silver  vessel  is  filled  with  the  substance  in  a  state  of  fine  powdei 
and  a  thermometer  placed  in  the  powder,  which  is  pressed  down.  Tbi: 
vessel  is  heated  to  a  certain  temperature,  and  is  then  introduced  into  : 
copper  vessel,  in  which  it  fits  hermetically.  This  copper  vessel  is  exhausted 
and  maintained  at  the  constant  temperature  of  melting  ice,  and  the  tim< 
noted  which  the  substance  takes  in  falling  through  a  given  range  of  tem* 
perature,  from  1 5*^  to  5°  for  example.  The  times  which  equal  weights  of  dif 
ferent  bodies  require  for  cooling,  through  the  same  range  of  temperature,  an 
directly  as  their  specific  heats. 

Regnault  has  proved  that  with  solids  this  method  does  not  give  trust- 
worthy results  ;  it  assunles,  which  is  not  quite  the  case,  that  the  cooling  in 
all  parts  is  equal,  and  that  all  substances  part  with  their  heat  to  the  siker 
case  with  equal  facility.  The  method  may,  however,  be  employed  with 
success  in  the  determination  of  the  specific  heat  of  liquids. 

In  an  investigation  of  the  specific  heats  of  various  soils,  Pfaundler  found 
that  a  soil  of  low  specific  heat  heats  and  cools  rapidly,  while  earth  of  higher 
specific  heat  undergoes  slow  heating  and  slow  cooling ;  that  moist  earths 
rich  in  humus  have  a  high  specific  heat,  amounting  in  the  case  of  turf  to  as 
much  as  0*5  ;  while  dr>'  soils  free  from  humus,  such  as  lime  and  sand,  ha« 
a  low  specific  heat,  not  more  than  about  0*2. 

456.  Bpeoiflo  beat  of  Ugiilds. — The  specific  heat  of  liquids  may  be 
determined  either  by  the  method  of  cooling,  by  that  of  mixtures,  or  by  that 
of  the  ice  calorimeter.  In  the  latter  case  they  are  contained  in  a  small 
metal  vessel,  or  a  glass  tube,  which  is  placed  in  the  central  compartment 
(fig.  382),  and  the  experiment  then  made  in  the  usual  manner. 

A  method  devised  by  Pfaundler  of  determining  the  specific  heat  d 
liquids,  which  under  certain  circumstances  is  advantageous,  depends  on  t 
property  of  the  electrical  current  of  heating  any  conductor  through  whidi 
it  passes. 

In  two  equal  calorimeters  containing  the  liquids  to  be  tested,  together 
with  suitable  thermometers  and  stirrers,  two  equal  spirals  of  fine  platinum 
wire  are  placed.  These  are  connected  u-ith  a  voltaic  battery  by  means  of 
copper  wires,  and  if  the  same  current  of  electricity  be  simultaneously 
passed  through  each  of  them,  which  can  be  very  accurately  done,  the  heat 
produced  in  the  wires  will  be  equal,  and  the  rise  in  temperature  in  the 
liquids  will  then  be  inversely  as  the  specific  heats.  One  of  the  liquids  is 
usually  water. 

It  will  be  seen  from  the  table  in  the  following  article  that  water  and  oil « 
turpentine  have  a  much  greater  specific  heat  than  other  substances,  and  mofC 
especially  than  the  metals.  It  is  from  its  great  specific  heat  that  \**atcr  ^^ 
quires  a  long  time  in  being  heated  or  cooled,  and  that  for  the  same  weight 
and  temperature  it  absorbs  or  gives  out  far  more  heat  than  other  substances. 
This  double  property  is  applied  in  the  hot-water  apparatus,  of  which  wt 
shall  presently  speak,  and  it  plays  a  most  important  part  in  the  economy  of 
nature. 
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.  apeeUle  bMits  of  bodies. — The  list  contained  in  the  next  article 
Ivcs  the  specific  heats  of  a  great  number  of  elementary  substances, 
e  here  the  specific  heats  of  a  few  substances,  mostly  liquids  : — 

Specific  heat  Specific  heat 

irpcntine    .        .        .    0*426  Bisulphide  of  carbon     .    0*245 

:x>bol ....    0*062  Thermometer  glass        .    0*198 

her     .        .        .        .0-516  Steel      .        .        .        .0*118 

yccrine      .        .        .     0555  Brass     ....    0*094 

;  specific  heat  of  water  is  commonly  taken  at  unity,  which  is  not 
correct  According  to  the  most  recent  determinations  the  mean 
heat  between  0°  and  /  is  expressed  by  the  formula  i  +0*00015/. 

sc  numbers,  as  well  as  the  numbers  in  (458),  represent  the  mean 
heats  between  0°  and  100°.     It  was  shown  by  Dulong  and  Petit 

le   specific   heats  increase  with    the  temperature.      Those  of   the 

for  instance,  are  greater  between  100°  and  200^  than  between  0°  and 

id  are  still  greater  between  200°  and  300°  ;  that  is  to  say,  a  greater 
of  heat  is  required  to  raise  a  body  from  200°  to  250°,  than  from  100° 
and  still  more  than  from  0°  to  50°.     For  silver,  the  mean  specific 

tween  o®  and   100°  is  0*057,  while  between  0°  and  200**  it  is  0*0611. 

lowing  table  gives  the  specific  heats  at  various  temperatures  : — 

Zopper 00910  +  0000046/ 

!inc 0086 5  4  0-000088/ 

Lead 002  86  +  0-000038/ 

r^latinum 003 1 7  +  oxxxxx)62/ 

A'ater i  +  000030/ 

increase  of  specific  heat  with  the  temperature  is  greater  as  bodies 
irer  their  fusing  point.  Any  action  which  increases  the  density  and 
lar  aggregation  of  a  body,  diminishes  its  specific  heat.  The  specific 
cc»pper  is  diminished  by  its  being  hammered,  but  it  regains  its  original 
fter  the  metal  has  been  again  heated. 

specific  heat  of  a  liquid  increases  with  the  temperature  much  more 
than  that  of  a  solid.  Water  is,  howcN  or,  an  exception  :  its  specific 
rreases  less  rapidly  than  does  that  of  solids. 

most  remarkable  examples  of  the  influence  of  temperature  on   the 

heat  are  afforded  by  carbon,  boron,  and  silicon.  Weber  has  found 
5oo'  the  specific  heat  of  carbon  is  7  times,  and  that  of  boron  Z:\  times, 
t  as  their  respective  specific  heats  at  -50°.  The  specific  heat  of 
d  is  00635  at  -  50",  0-1318  at  33^  0-2218  at  140^  and  03026  at  247^ 
^  the  specific  heat  increases  thus  rapidly  between  —  50°  and  250°, 
that  point  the  rate  of  increase  is  slower ;  and  beyond  600°,  or  at  an 
;t  red  heal,  it  seems  to  be  pretty  constant,  ux  at  any  rate  to  exhibit 
ter  variations  with  the  temperature  than  are  atTorded  by  other  sub- 
Thus  while  at  600°  the  specific  heat  is  0441,  at  985°  it  is  0*459. 
c  also  has  at  22°  the  specific  heat  0168;  this  increases,  but  at  a 
ly  diminishing  rate,  to  642^  where  its  specific  heat  is  0445.  Like 
i  an  incipient  red  heat  seems  to  be  a  limiting  temperature  beyond 
praphite  exhibits  only  the  ordinar>'  variation  with  the  temperature. 
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Weber  has  also  found  that,  in  their  thermal  deportment,  there  are  only  two 
essentially  different  modifications  of  carbon — the  transparent  one  (diamond), 
and  the  opaque  ones  (graphite,  dense  amorphous  carbon,  and  porous  amor* 
phous  carbon). 

Crystallised  boron  is  similar  in  its  deportment  to  carbon  ;  its  specific 
heat  increases  from  01915  at  —40®  to  02382  at  27°,  and  to  0*3663  at  233®^ 
The  rate  of  increase  is  ver>'  rapid  up  to  80°  ;  it  increases  beyond  that 
temperature,  but  at  a  gradually  diminished  rate,  and,  no  doubt,  tends  to  an 
almost  constant  value  of  0*5. 

The  specific  heat  of  silicon  also  varies  with  the  temperature  ;  between 
-40°  and  200°  it  increases  from  0*136  to  0*203  J  the  rate  of  increase  is  less 
rapid  with  higher  temperatiu'es,  being  at  200°  only  ^  what  it  is  at  10°.  At 
200°  it  reaches  its  limiting  value. 

The  specific  heat  of  substances  is  greater  in  the  liquid  than  in  the  solid 
state,  as  will  be  seen  by  the  following  table  : — 

Solid  Liquid 

Water 0*489  ixxx) 

Sulphur 0*203  0*234 

Bromine 0*084  0*1 10 

Iodine 0-054  0*008 

Mercury 0*031  ox)33 

Phosphorus 0*190  0*202 

Tin 0-056  0*064 

Lead ox)3i  0*040 

It  also  differs  with  the  allotropic  modification  ;  thus  the  specific  heat  of 
red  phosphorus  is  0*19,  and  that  of  white  0*17  ;  of  crystallised  arsenic 
0*083,  and  of  amorphous  0*058  ;  of  crystallised  selenium  0*084,  and  of 
amorphous  0*0953;  of  wood  charcoal  0*241  ;  of  graphite  0*202;  and  of 
diamond  0*147. 

Pouillet  used  the  specific  heat  of  platinum  for  measuring  high  degrees  of 
heat.  Supposing  200  ounces  of  platinum  had  been  heated  in  a  furnace,  and 
had  then  been  placed  in  1,000  ounces  of  water,  the  temperature  of  which  it 
had  raised  from  13°  to  20°.  From  the  formula  we  have  M  -  200,  jw  « 1000; 
6  is  20,  and  /is  13.  The  specific  heat  of  platinum  is  0*033,  ^^^  ^^  ^^ 
therefore,  from  the  equation — 

M^T-^)-///(^-/) 

^  ^  w(^-/)+JVk^  ^7000 +13^^  7132  ^^.o 

Mr  6-6  6*6 

It  is  found,  however,  that  the  mean  specific  heat  of  platinum  at  tempcfi- 
tures  up  to  about  1200°  is  00377  ;  if  this  value,  therefore,  be  substituted  for 
c  in  the  above  equation,  we  have — 

T-.7'5o-8^     go^^ 
7-54 

By  this  method,  which  requires  great  skill  in  the  experimenter,  PoaUk^ 
determined  a  series  of  high  temperatures.  He  found,  for  example,  the  ten** 
peraturc  of  melting  iron  to  be  1500°  to  1600®  C. 
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Mid  Fetttffl  law. — A  knowledge  of  the  specific  heat  of 
\  become  of  great  importance,  in  consequence  of  Dulong  and  Petifs 
of  the  remarkable  law,  that  the  product  of  the  specific  heat  of  any 
ent  into  its  atomic  weight  is  approximately  a  constant  number,  as 
!n  from  the  following  table  : — 


Specific  heat 

Atomic  weight 
27-4 

Atomic  heat 

5-87 

im    . 

02 143 

y 

00513 

122 

6-26 

0*0822 

75 

6-17 

0-0308 

210 

6-47 

00843 

80 

674 

Q 

00567 

112 

6-35 

01067 

587 

6-26 

00939 

635 

5*99 

0-0324 

197 

6-38 

0-0541 

127 

687 

0-1138 

56 

6-37 

00314 

207 

650 

imi 

0-2475 

24 

5*94 

0-0332 

200 

664 

0-1092 

587 

6-41 

rus 

0-1740 

310 

5-39 

I 

00324 

'97-5 

6-40          i 

n 

0-1655 

39-1 

6-47           1 

0-0570 

108 -o 

6-16          ' 

0-178 

'^l 

570 

0-0555 

118 

6-55 

00950 

652 

6-23 

3C  seen  that  the  number  is  not  a  constant,  but  varies  between  5*39 
These  variations  may  depend  partly  on  the  difficulty  of  getting 
Its  in  a  state  of  perfect  purity,  and  partly  on  errors  incidental  to 
linaiion  of  the  specific  heats,  and  of  the  atomic  weights.  Again, 
c  heats  of  bodies  vary  with  the  state  of  aggregation  of  the  bodies, 
ith  the  temperatures  at  which  they  are  determined  ;  some,  such 
im,  have  been  determined  at  temperatures  very  near  their  fusing 
hers,  like  platinum,  at  temperatures  much  removed  from  them.  A 
cause,  therefore,  of  the  discrepancies  is  doubtless  to  be  found  in 
at  all  the  determinations  have  not  been  made  under  corresponding 
^nditions. 

>mic  weights  of  the  elements  represent  the  relative  weights  of  equal 
f  atoms  of  these  bodies,  and  the  product, /r,  of  the  specific  heat, 
\  atomic  weight,  /,  is  the  atomic  hcaiy  or  the  quantity  of  heat 
to  raise  the  temperature  of  the  same  number  of  atoms  of  difierent 
\  by  one  degree  ;  and  Dulong  and  Tetit's  law  may  be  thus  ex- 
the  same  quantity  of  heat  is  needed  to  heat  an  atom  of  all  simple 
he  same  extent. 
omic  heat  of  a  body,  when  divided  by  its  specific  heat,  gives  the 
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atomic  weight  of  a  body.  Regnault  even  proposed  to  use  this  relation  as  a 
means  of  determining  the  atomic  weight,  and  it  certainly  is  of  great  service 
in  deciding  on  the  atomic  weight  of  a  body  in  cases  where  the  chemical 
relations  permit  a  choice  between  two  or  more  numbers. 

According  to  modem  views,  the  heat  imparted  to  a  body  is  partly  ex- 
pended in  external  work,  which  in  the  case  of  a  solid  would  be  extronely 
small,  being  only  that  required  for  the  pressure  of  the  atmosphere  raised 
through  a  distance  representing  the  expansion  ;  secondly,  the  internal  work. 
or  the  heat  used  in  overcoming  the  attraction  of  the  atoms,  and  forcing 
them  apart ;  and  thirdly,  there  is  the  true  specific  hecti^  or  the  heat  applied  in 
increasing  the  temperature — that  is,  in  increasing  the  ^ns  zfh*a  of  the  molecules 
(448).  By  far  the  most  considerable  of  these  is  the  latter ;  the  amount  of 
heat  consumed  in  the  two  former  operations  is  small,  and  the  variations 
with  different  bodies  must  be  inconsiderable.  Until,  however,  the  reUtioB 
between  the  various  factors  is  made  out,  absolute  identity  in  the  numbers 
for  the  atomic  specific  heat  cannot  be  expected.  Weber  holds  that  even 
when  due  allowance  has  been  made  for  these  circumstances,  the  variations 
are  too  great  to  be  accounted  for,  and  he  considers  that  the>-  point  for  their 
explanation  to  an  alteration  in  the  constitution  of  the  atom,  and  render 
probable  a  changing  valency  of  the  atom  of  carbon. 

459.  Speelllo  beat  of  eomponnd  bodies. — In  compound  bodies  the  law 
also  prevails  :  the  product  of  the  specific  heat  into  the  equivalent  is  an  al* 
most  constant  number,  which  varies,  however,  with  different  classes  of  bodies. 
Thus,  for  the  class  of  oxides  of  the  general  formula  RO,  it  is  1 1*30 ;  for  the 
sesquioxides  R^O'  it  is  271 5  ;  for  the  sulphides  RS,  it  is  i8-88  ;  and  for  die 
carbonates  RCO',  it  is  21-54.     The  law,  which  is  knou-n  as  Neumanm's  latL\ 
may  be  expressed  in  the  following  general  manner  : — li'ith  compounds  of 
the  satne  formula^  and  of  a  similar  chemical  constitution^  the  product  of  the 
atomic  weight  into  the  specific  heat  is  a  constant  quantity.     This  includes 
Dulong  and  Petit's  law  as  a  particular  case. 

Kopp  propounded  the  following  law,  which  is  an  extension  of  that  of 
Neumann  : — The  molecular  heats  of  all  solid  bodies  are  equal  to  the  sum$f 
the  molecular  heats  of  the  elements  contained  in  them,  Dulong  and  Petit's 
law  that  all  elements  have  the  same  atomic  heat  he  does  not  consider  uni- 
versally valid.  He  assigns  the  number  6-4  to  all  elements  excepting  the  fol- 
lowing ;  with  sulphur  and  phosphorus  it  is  5*4,  fluorine  5*0,  ox>-gen  \^ 
silicon  3*8,  boron  27,  hydrogen  2*3,  and  carbon  i-8. 

Even  with  this  modification  it  is  found  that  the  calculated  heats  of  com- 
pounds differ  more  from  the  observed  ones  than  can  be  ascribed  to  errors  io 
the  determination  of  the  specific  heats.  This  is  probably  due  to  the  fact  that 
some  of  the  heat  is  expended  in  internal  work,  and  that  it  is  this  which  brings 
about  the  discrepancies. 

With  mixtures  of  alcohol  and  water  in  certain  proportions,  the  specific 
heat  is  greater  than  that  of  the  water  ;  thus,  that  of  a  mixture  conuining  » 
per  cent,  of  alcohol  was  found  by  Dupr^  and  Page  to  be  1*0456.  No  gencnl 
law  can  be  laid  douTi  for  solutions  of  acids  or  of  salts  in  water  ;  though  the 
specific  heat  is  most  frequently  less  than  that  calculated  from  the  consti- 
tuents. 
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i  of  rases. — ^The  specific  heat  of  a  gas  may  be  re^ 
ler  to  that  of  water  or  to  that  of  air.  In  the  former  case  it  repre^ 
luntity  of  heat  necessary  to  raise  a  given  weight  of  the  gas  through 
«,  as  compared  with  the  heat  necessary  to  raise  the  same  weight 
De  d^ree.  In  the  latter  case  it  represents  the  quantity  of  heat 
to  raise  a  given  volume  kA  the  gas  throu£^  one  degree,  compared 
[uantity  necessary  for  the  same  volume  of  air  treated  in  the  same 

Roche  and  Berard  determined  the  specific  heats  of  gases  in  re^ 
)  water  by  causing  known  volumes  of  a  given  gas  under  constant 
uid  at  a  given  temperature,  to  pass  through  a  spiral  glass  tube 
water.  From  the  increase  in  temperature  of  this  water,  and  from 
data,  the  specific  heat  was  determined  by  a  calculation  analogous 
ven  under  the  method  of  mixtures.  They  also  determined  the 
eats  of  difierent  gases  relatively  to  that  of  air,  by  comparing  the 
of  heat  which  equal  volumes  of  a  ^ven  gas,  and  of  air  at  the  same 
nd  temperature,  imparted  to  equal  weights  of  water.  Subsequently 
fiearches,  De  la  Rive  and  Marcet  applied  the  method  of  cooling  to 
letermination ;  and  more  recently  Regnault  made  a  series  of  in- 
IS  on  the  calorific  capacities  of  gases  and  vapours,  in  which  he 
lUt  with  material  improvements,  the  method  of  De  la  Roche  and 
fie  thus  obtained  the  following  results  for  the  specific  heats  of  the 
ses  and  vapours,  compared  first  with  an  equal  weight  of  water 
mity  ;  secondly,  with  that  of  an  equal  volume  of  air,  referred,  as 
its  own  weight  of  water  taken  as  unity  : — 

Specific  heats 
F^jual  Equid 

weights  volumes 

Air 02374  0-2374  • 

[  Oxygen 02174  02405 

Nitrogen        .  .  .  02438  0*2370 

'  Hydrogen  .         .  34090  02359 

'  Chlorine 01 2 10  0*2962 

/  Binoxide  of  nitrogen  02315  0*2406 

'  Carbonic  oxide  0*2450  0*2370 

(d       Carbonic  acid  .  0*2163  0*3307 

Hydrochloric  acid  .  0*1845  0*2333 

.  Ammonia  0*5083  0*2966 

'  Olefiant  gas  .        .  .         .  0*4040  0*4106 

.  Water 04805  0*2984 

I  Ether     ...  .  0*4810  1*2296 

.       '  Alcohol  ...  .         .  0*4534  0*7171 

'  Turpentine     .  .  0*5061  2*3776 

I  Bisulphide  of  carbon  0*1570  0*4140 

*  Benzole 03754  ix)ii4 

ing  these  determinations  the  jjases  were  under  a  constant  pressure, 
le  volume  ;  that  is,  the  gas  as  it  was  heated  could  expand,  and 
d  the  specific  heat  under  constant  pressure.  But  if  the  gas  when 
ed  is  kept  at  a  constant  volume,  its  pressure  or  elastic  force  then 

££ 


SUvcT    • 
1V^ 


^  Cadmium      • 

.    ^'^^  Bismuth 

.    47"37  ^^j^d     •     ^  • 

.    27-^»  p'Arcct'saWoy 

21*07  ivicrcury 


13-66 

14-6* 

".      9-37 
.      5-37 
.      5-03 
4-5P 
r83 


absotbca 

^V  ^  '^'sS  immersed 
'    -*«^—  ^-^^  >^^^     i;    condenses, 

-^  >Nbetc    1^  T:hc  c< 

V^^-  ^'^  ..ter  m  vbe  ^•^"'^,enis  iV>e  9} 


\ 
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^  is  ta  he  ohsen*cd  that,  at  the  commencement  of  the  cxperimem,  the 

vapour  passes  out  at  the  temperature  /^,  while  at  the  conclusion 

ntUJT  is  #*  ;  we  may,  however*  assume  that  its  mean  temperature 

:  the  experiment  is  ^^  -^  .    The  vapour   M   after  condensation  has 

rfbre  ported  i^iih  a  quaniit>^  of  heat  Mf  T--^  j  c^  while  the  heal 

in  liquefaciion   is   represented  by  M.n     The  quantity  of  heat 
by  the  cold  water,  the  worm,  and  the  vessel  is  miB-i),    Thcrc- 

M-r+M  (T-'-^i)f-w(^-^/), 

bich  X  is  obtained.     Despretz  found  that  the  latent  hent  of  aqueous 
rat  100*  is  540;  that  is,  a  pound  of  water  at  loo'^  absorbs  in  vaporising 
I  Ileal  as  would  raise  540  pounds    of  waler  through   I**.     Regnault 
Flhe  ottmber  557»  and  Favre  and  Silbermann  538*8. 
Ai  IB  tlie  case  of  the  latent  heat  of  water  we  may  say, 

Steam  at  joo'*  -  Water  at  100^  -i-  latent  heat  of  gasification. 

alet     uses     the     ver>      con\enient 
represented  in  fig.  584,  for  deter- 
Istent  heiits  of  vaporisation.     The 
in  the  <Usk  D  is  heated  by  the  ring 
By  ftod  the  vapour  which  forms  passes 
tbe  tube  n^  into  the  serpentine  S, 
;  it  cood^isca  and  collects  in  the  bulb 
Tteic  arc  contained  in  the  calorimeter 
,  tbr  lop  pf  which  is  d«»sed  by  a  wooden     ^^ 
HH\  aad  a  layer  of  felt,  KN' :  they     ^^ 
r  wBf  heat  from  the  tlask  D  and  from 
user  B^     As   the  serpentine   SR  can 
tMfbcd  from  nA  i^   >^  ^^X  ^^  deter- 
x  the  wti^ltl  of  the  distillate  -  from  this, 
I  the  rise  m  temperature  of  the  water 
,l.«i^  tT«^t..r    the  latent   heat  can  be 

»;! 

le   T.  -1 1 .  *. » .-ion  of  a  body  from  the 
■to    the    gaseous  state«  as    in  the 

tioesi  of  fusion^  one  part  of  the  }t\%.  1B4. 

ia  increasing  the  temperature 

*  IQ  iittcfnMl  work«    For  vaporisation,  the  greater  portion  is  con- 

te  the  tflftemal  wotk  of  overcoming  the  reciprocal  attraction  of  the 

of  lk|Uid,  afid  in  removing  them  to  the  far  greater  distances  apart 

li  thcf  exiit  in  the  gaseous  state.     In  addition  to  this*  there  ia  the 

ii«rfc— o^mety,  that  required  to  ovcrcotnc  the   external  pressure, 

diM  aC  ibc  atino*.phcr€  :  and  as  the  increase  of  volume  in  vaporisa- 

burc  has  to  be  raised  through  a  greater  space. 

may  '  t!  without   having  external    work   to  perform^ 

I  it  ti  diectcd  ot  vacuo  ;  but  whether  the  evaporation  is  under  a  high 
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OT  under  a  low  pressure,  on  the  surface  of  a  liquid  or  in  the  interior^  tliere 
is  always  a  great  consumption  of  heat  in  internal  work. 

463.  raTr«  moa  Sllliensaoii'a  Calorimeter. — The  apparatus  (%,  j8j) 
I  furnishes  a  very  delicate  means  of  determining   the   calorific   capacity  of 
liquidSi  latent  heats  of  evaporation,  and  the  heat  disengaged  in  cbccoicil 
actions. 

The  principal  part  is  a  spherical  iron  reservoir^  A,  full  of  mcrcufy,  of 
which  it  holds  about  50  pounds,  and  represents,  therefore,  a  volume  of  more 
than  half  a  gallon.  On  the  left  there  are  two  tubulures,  B,  in  which  «e 
fitted  two  shcct'iron  tubes  or  muffles^  projecting  into  the  interior  of  the  twJb. 
Each  can  be  fitted  with  a  glass  tube  for  containing  the  substance  cxpeiv 


mented  upon.     In  most  cases  one  muffle  and  one  glass  tulie  arc 
the  two  are  used  when  it  is  desired  to  compare  the  quiintities  of  heat 
duced  in  two  different  operations.     In  a  third  vertical   tuhuJure*  C, 
l1s<i  a  muffle,  which  can  be  used  for  determining  calorific  capacii 

'RcgnauU's  method  USSX  ^^  which  case  it  is  placed  beneath  the  r  of  fi|. 

The  tubulure  d  contains  a  steel  piston  ;  a  rod  turned  by  a 
and  v\  hich  is  provided  with  a  screw  thread,  transmits  a  vcrticaU  mMItt 

|lhe  piston  ;  but,  l)y  a  peculiar  mechanism,  gives  it   no  rotatory  mobdiw 
the  last  tubulure  is  a  glas«  bulb,  <i,  in  which  is  a  long  capUlarygUs*  ttib«|i 
divided  into  part%  of  equal  capacity. 


\ 


--.  ^' 
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ill  be  seen  from  this  description  that  the  mercury  calorimeter  is 
ly  a  thermometer  with  a  very  large  bolb  and  a  capillary  stem :  it 
ofe  extremely  delicate.    It  difiers,  however,  from  a  thermometer  in 
that  die  divisions  do  not  indicate  the  temperatme  of  the  mercury 
ilb^  but  the  nmnber  of  thermal  units  imparted  to  it  by  the  substances 
a  lihe  muffle, 
gndnation  is  effected  as  follows : — By  working  the  piston  the 
can  be  made  to  stop  at  any  point  of  die  tube,  bo^  at  which  it  is 
the  graduation  should  commence.    Having  then  placed  in  the  iron 
mall  quantity  of  mercury,  which  is  not  afterwards  changed,  a  thin 
be^  #,  is  inserted,  - 
kept  fixed  against 
mcy  of  the  mer- 
'  a  small  wedge 
(resented    m   the 
The  tube  being 
jnsted,  the  point 
lib  tube  (see  fig. 
introduced,  con- 
water   which    is 
to     the     boiling 
turning  the  posi- 
the  pipette,  then, 
»ented    in  n\  a 
of  the  liquid  flows 
test  tube.  Fig.  386. 

heat  which  is  thus  imparted  to  the  mercury  makes  it  expand  ;  the 
of  mercury  in  bo  is  lengthened  oy  a  number  of  divisions,  which  we 
D  ff.  If  the  water  poured  into  the  test  glass  be  weighed,  and  if  its 
lute  be  taken  when  the  column  bo  is  stationar>%  the  product  of  the 
i  the  water  into  the  number  of  dejp-ees  through  which  it  has  fallen 
I  the  number  of  thermal  units  which  the  water  gives  up  to  the  entire 
IS  (447).  Dividing,  by  «,  this  number  of  thermal  units,  the  quotient 
\  number,  a,  of  thermal  units  corresponding  to  a  single  division  of 
bo. 

.lermining  the  specific  heat  of  liquids,  a  given  weight,  M,  of  the 
question  is  raised  to  the  temperature  T  and  is  poured  into  the  tube 
ling  the  specific  heat  of  the  liquid  ^,  its  final  temperature  ^,  and  n 
ber  of  divisions  by  which  the  mercurial  column  bo  has  advanced,  we 


Mr'T  —  &)^  na^  from  which  c^ 


M(T-^)- 


fcmards  represented  round  the  apparatus  are  hinged  so  as  to  form  a 
ch  is  lined  with  cider-down  or  wadding,  to  prevent  any  loss  of  heat. 
ed  at  the  top  by  a  board,  which  is  provided  with  a  suitable  case, 
d,  which  fits  over  the  tubulures  d  and  a.  A  binall  magnifying  glass 
ides  along  the  latter,  enables  the  divisions  on  the  scale  to  be  read 
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464.  BzamplM. — I.  What  weight  of  ice  at  zero  must  be  mixed  with 
pounds. of  water  at  20^  in  order  to  cool  it  to  5°  ? 

Let  M  be  the  weight  of  ice  necessary  ;  in  .passing  from  the  state  of  5 
to  that  of  water  at  zero,  it  will  absorb  80M  thermal  units  ;  and  in  order 
raise  it  from  zero  to  5^,  5M  thermal  units  will  be  needed.  Hence  the  tc^ 
heat  which  it  absorbs  is  80M+  sM-SsM.  On  the  other  hand,  the  1»< 
given  up  by  the  water  in  cooling  from  20°  to  5®  is  9  x  (20-  5)  -  135.  Cc 
seqiiendy, 

85M  -  135  ;  from  which  M  »  1*588  pounds. 

II.  What  weight  of  steam  at  100°  is  necessary  to  raise  the  temperatort 
of  208  pounds  of  water  from  14®  to  32®  ? 

Let  p  be  the  weight  of  the  steam.  The  latent  heat  of  steam  is  540^  tod 
consequently/  pounds  of  steam  in  condensing  into  water  give  up  a  qoand^ 
of  heat,  549^,  and  form/  pounds  of  water  at  loo^  But  the  temperature fli 
the  mixture  is  32®,  and  therefore/  gives  up  a  further  quantity  of  heat/ 
(100-32) -68/,  for  in  this  case  c  is  unity.  The  208  pounds  of  water  k 
being  heated  from  14**  to  32°  absorb  208(32  - 14)  -  3744  units.     Therefore 

SAop  +  68/  -  3744 ;  from  which  /  =  61 58  pounds. 


CHAPTER  X. 
STEAM  ENGINES. 

Belies. — Stiam  engines  are  machines  by  which  Heat 
,  obuincd  by  the  combustion  of  some  fuel,  is  turned  into  mechanical 
iqueous  vapour  being  used  as  a  working  fluid  for  effecting  the  trans- 
MKL  In  all  but  a  few  very  exceptional  cases  the  mechanical  means 
i|bc  transformation  of  the  one  form  of  energ>'  into  the  other  are  as 
^Eihc  heat  of  combustion  is,  as  far  as  possible,  imparted  to  water  in 

•  vessel  called  a  Mler ;  the  water  is  thereby  converted  into  stcam^ 
inC  iin  enormously  greater  volume,  and  this  steam  is  allowed  to  pass 
te  boiler  as  fast  as  it  is  formed,  and  to  act  alternately  on  the  two  sides 
ivable  piston  working  backwards  and  forwards  in  a  cylinder.  As  soon 
ptstOQ  has  been  pushed  to  either  end  of  the  cylinder  by  the  incoming 

ftg  on  one  Side  of  it,  the  communication  between  that  side  and  the 
but  off,  and  another  communication  opened  either  to  a  condenser 
sphere.  In  either  case  the  steam  rushes  out  of  the  cylinder 
\  against  the  piston  falls,  so  that  it  can  be  pushed  back  by 
Dm  the  boiler  acting  on  its  opposite  side.  If  the  purpose  of 
^  is  merely  to  work  pumps,  or  any  other  apparatus  requiring  only  a 
fOttfi^  motion,  a  rod  from  the  piston  can  be  connected  directly,  or 
I m  lever,  to  the  pump  to  be  worked*  If,  however,  as  in  a  majority  of 
te  eogioe  has  to  drive  something  having  a  rotary  motion,  a  simple 
■ian  is  used  to  change  the  reciprocating  motion  of  the  piston  into  the 

•  of  a  crank*  In  this  change  itself  there  is  no  loss  of  work  or  energy 
(be  irork  of  the  steam  on  the  piston  being  exactly  equal  to  the  work 
tlhe  rotating  crankpin,  minus  only  the  lost  work  spent  in  overcoming 
Grini  of  the  joints  of  the  mechanism, 

libafl  int  consider  the  boiler,  or  apparatus  for  generating  steam,  and 
bag^itsdf. 

fci  Wmmm  b#il«r.—Figs,  387  and  588  show  one  ot  the  forms  of  boiler 
iMdiooly  U3cd  in  this  country  for  supplying  steam  to  stationary  engines. 
Ifi  of  boiler  is  called  Cornish^  having  been  first  used  for  the  pumping 
vis  ComWalL  Fig.  387  shows  a  longitudinal  section  of  the  boiler  and 
kk  Ad»  in  which  it  is  set,  and  fig.  388  shows  on  the  left  a  half-front 
auod  on  the  right  a  half  cross  section.  The  boiler  consists 
ricai  shell  A  of  wrought  iron  or  steel  plates  riveted  together, 
I  6uc  or  furnace  B.  The  tatter  is  open  at  both  ends, 
series  of  vertical  lubes  Q  called  Gailoumy  tubes,  which 
•  to  circulate  from  the  lower  to  the  upper  part  of  the  boiler, 
on  a  grate  D  in  the  front  part  of  the  flue  and  ending 
:  ^riJ^  over  which  the  gases  have  to  pass.    These  hot  gaaies 
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find  their  way  past  the  tubes  to  the  back  of  the  boiler  and  dien  are  o 
pelled  to  diverge  sideways  and  return  by  the  side  flues  K  to  nearly  die  fi 
of  the  shell  where  the  flues  are  diverted  downwards,  as  shown  in  ^ ; 
and  thence  they  return  by  the  lower  flue  L  to  the  chimney  IL    By  1 


Fig.  387. 


encircling  the  boiler  with  flues  it  is  endeavoured  to  get  all  the  heat  ] 
from  the  gases  before  they  arc  allowed  to  pass  away  up  the  chimney.  1 
principal  fittings  or  mountings  of  the  boiler  are  indicated  in  the  figures  a 
are  as  follows  :  G  is  a  dome  on  which  stands  the  stop^valve  N  through  vhi 
the  steam  is  carried  to  the  engine.    The  object  of  the  dome  is  to  take  t 

steam  from  a  point  as  far  away  from  1 
water  line  as  possible,  so  as  to  dry  it.  P 
a  safety  valve,  held  down  on  its  seat  by  I 
action  of  a  weighted  lever,  and  so  adjiol 
that  as  soon  as  the  pressure  of  steam  read 
its  intended  maximum  and  tends  to  t 
beyond  it,  the  valve  is  lifted  and  the  sM 
rushes  away  into  the  air.  Q  is  a  mMHk 
door  by  which  access  is  had  to  interior  of  t 
boiler,  when  it  is  empty  and  out  of  use, 
cleaning  and  repair.  R  is  a  pressure  gm 
or  indicator,  standing  in  front  of  the  ill 
showing,  by  a  hand  working  in  front  of  a  ^ 
plate,  the  '  boiler  pressure '  or  amount  «k 
the  pressure  of  steam  inside  the  boikr 
coeds  that  of  the  atmosphere  surrounding  it.  S  is  a  water  gauge,  a  ffi 
tube  connected  at  top  and  bottom  to  the  boiler,  its  upper  end  to  the  stc 
space,  and  the  lower  end  to  the  water  space.  The  water  stands  in  the  fi 
tube  at  the  same  level  as  in  the  boiler,  and  the  fireman  can  see  at  a  gli 
whether  it  is  at  the  right  height.  This  matter  is  of  great  impoftti 
because  an  accidental  fall  of  water-level  is  a  frequent  cause  of  boiler  c^ 
sions.  If,  for  instance,  the  water  fell  so  low  as  to  leave  the  top  of  the  tet 
B  uncovered,  the  plates  would  get  red-hot  and  soften  so  much  as  to  coBl 
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Cr  the  action  of  tljc  steam  pressure,  with  consequences  that  might  be 

I  aerious. 

la  m$arim  Mlers^  when  it  is  of  the  greatest  importance  to  get  as  much 
|til^  mvlaCtt  as  possible  into  a  small  space,  and  similarly  in  the  locomotive 
br  to  be  fxresently  described,  the  hot  gases  after  leaving  the  furnace  are 
|e  to  pass  through  a  number  of  small  tubes  instead  of  one  large  one  as  in 
387.     Such  boilers  are  called  multiiubuiar  toilers, 

D£  Ule  years  the  shells  of  large  boilers  have  frequently  been  made  of 
td  «4eel,*  produced  by  the  Bessemer  or  Siemens- Martin  processes,  rather 

II  of  irrought  iron.  In  locomotive  boilers,  where  the  combustion  is  very 
n  aod  intense,  the  fire-boxes  are  frequently  made  of  copper,  a  much 
Icr  coA^itctor  of  heat  than  either  iron  or  steel 

h|fi7.  Ocmtali  earlne.^Fig.  3S9  shows  the  oldest  of  all  the  types  of 
foes  stiU  ift  use,  the  Cornish  pumping  engim^  which  is  worth  examina- 
I  both  lor  its  historical  interest  and  on  account  of  the  special  way  in 
leb  it  works.  (In  the  figure  all  details  except  those  absolutely  necessary 
llMlrate  itie  action  of  the  engine  are  omitted.)    The  engine  has  a  vertical 
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cry  great  size,  and  with  as  much  as  10  or  1 1  ft.  stroke), 
n  P.  whose  rod  is  connected  by  a  chain  to  a  sector  on 
the  cylinder  is  a  chamber  C  containing  the 
,  ^  -I    a  uiJiarging  sleam,  wfansc  mode  of  working  will  be 
iff  dt^crilKd.     At  the  further  end  of  the  beam  a  second  sector  is 
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b     to  this  way  a  slow  and  quiet  apward  motion  can  be  given  to  the 

\  no  loauer  how  quickly  the  steam  may  move  the  piston. 

46S.  Ovtflattry  hortaeotal  eii|iiie.^The  engines  now  most  lar^ly  used 

I  fatrtodes  for  driving  machiner>^  differ  aJlogeiher  in  their  action  from  the 

\m\\s\i  engine.     In  them  the  cylinder  is  generally  horieontal,  and  the  crank 


Httpeii  through  a  connecting  rod  only^  without  the  intervention  of  any 


Such  an  engine  is  shown  in  fig.  390.    Here  A  is  the  steam  cylinder,  B 


Fj«*390» 


Kt»  or  chamber  in  which  works  the  valve  whose  mode  of  action 
I  the  next  article,     D  is  the  main  shaft,  on  the  inner  end  of 
rank  driven  by  the  connecting  rod  E.     C  is  an  tcctntric  (fig. 
1^  vhkh  works  ihc  valve  by  the  rod  N,     F  is  a  ,^i?ir/7ir<?r  controlling  the 
of  steam  to  the  cylinder  by  the  valve  H*     M  is  the  t^dplaie  or 
OK  ol  the  extginc,  and  L  the  i!y  wheeL  ' 

A  few  vQfds  arc  necessary  about  the  gox*emor.  Tliis  apparatus,  an 
VBtiiia  iif  Jjiroes  Wattes,  consists  of  two  weighted  arms  hinged  at  the  top, 
idi  fly  ootwmni  when  the  speed  of  rotation  is  increased  and  drop  together 
B  it  it  radaord.  The  outw-ard  or  inward  motion  of  the  arms  is  caused 
i  liBiple  afmig!Nnent  to  turn  the  spindle  G  and  so  to  close  or  open  the 
^  R,  «ycb  admits  steam  through  K  to  the  cylinder.  In  this  way  the 
pot  jiUMBatticalJy  controls  its  own  speed  (471). 

4i^  aiaiillimt»ii  of  tb«  •taam.     SUde  TAlreft,^  Figs.   391  and   392 

aA  CO  fhc  working  of  the  valve  and  the  distribution  of  the  steam 

Jtist  described.     The  former  is  a  longitudinal  section  of  the 

ibown  tn  fig-  390.     A  is  the  cylinder  itself,  B  the  piston,  C  the 

lo-tisdl^    D   tlie  stufi^ng'Ixix   through   which   the   piston    passes   steam- 

L    It  wiD  be  seen  tiiat  ^fkyrt  or  passage  L  communicates  between  each 

of  the  cyliodcr  and  the  suiface  on  which  the  valve  works,  or  i^aive  fact, 

dbli  ift^  and  betu-een  the  two  steam-ports,  comes  a  third  part   M, 

^laiotintg  directly  with  the  atmosphere  or  wiUi  a  condenser  as  the 

Bty  be.    The  ralve  G  is  shaped  in  section  something  hke  an  irregular 
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D,  and  is  often  called  a  *  D '  valve  in  consequence.  It  is  moved  cootiiiii* 
ously  backwards  and  forwards  upon  the  valve  face  by  the  valve  nxi  H 
working  in  the  stuffing-box  K.  When  in  the  position  shown  in  the  figiu^ 
the  steam  enters  by  F,  and  passes  into  the  left-hand  end  of  the  cylinder 
(past  the  edge  of  the  valve)  and  pushes  the  piston  from  left  to  right.  The 
steam  at  present  in  the  cylinder  (as  shown  by  the  arrows)  passes  oot  9tL 
L,  and  through  the  under  part  of  the  valve  G  to  the  exhaust  port  M.  As 
the  piston  moves  on,  the  valve  at  first  moves  in  the  same  direction,  opening 
the  port  a  little  wider,  then  gradually  moves  back  again  and  closes  the 


Fig.  391- 


Fig.  39a. 


admission  port  altogether.     The  point  at  which  this  occurs  is  called  th^ 
point  of  cut  off.     No  more  steam  is  allowed  to  enter  the  c>'linder  for  that 
stroke,   the  piston   being   pushed  forward  by  the  pressure  of  the  clastic 
steam  expanding  behind  it.     By  the  time  the  piston  has  got  to  the  end  rf 
its  stroke,  the  position  of  the  valve  is  just  reversed  from  that  in  which  it  is 
shown,  and  steam  passes   into  the  cylinder  through  the  right-hand  poft^ 
driving  the  piston  from  right  to  left,  while  the  steam  which  has  already  done 
duty  in  the  left-hand  end  of  the  cylinder  passes  away,  in  its  turn,  through  tht 
exhaust. 

The  eccentric  from  which  the  valve  receives  its  motion  (lettered  C  i« 
fig.  390)  is  shown  in  detail  in  fig.  392.  Here  D  is  the  crank-shaft  and  At 
disc  (solid  or  ribbed)  fixed  eccentrically  on  it  so  as  to  revolve  with  it.  £■• 
circling  this  disc  (which  is  the  eccentric)  is  a  strap  or  ring  B  (made  in  two 
pieces  for  the  sake  of  getting  on  and  off),  rigidly  connected  with  a  rodC, 
which  is  coupled  by  a  pin  to  the  valve-rod  E.  In  each  revolution  of  the 
eccentric  the  valve- rod  is  moved  backwards  and  forwards  through  a  space 
equal  to  twice  the  eccentricity  of  the  eccentric,  or  distance  between  tbt 
centres  of  D  and  of  A.  The  eccentric  is  thus  equivalent  exactly  to  a  crank 
having  a  radius  equal  to  its  eccentricity.  It  is  used  instead  of  a  cnnk 
because  it  does  not  require  any  gap  to  be  left  in  the  shaft,  as  a  crank  i^-odd 
do,  but  allows  it  to  be  carried  continuously  on. 

In  locomotive  or  marine  engines  two  eccentrics  are  commonly  used,  oat 
so  placed  as  to  give  the  valve  the  right  motion  when  the  shaft  rotates  ii 
one  direction,  and  one  rightly  placed  for  the  other.  By  apparatus  ciDb4 
re^'ersing gear  either  one  or  the  other  can  be  caused  to  move  the  valve,* 
that  the  engine  can  be  made,  at  pleasure,  to  turn  the  shaft  in  one  or  ik 
other  direction. 
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space.     It  consists  of  three  parts — \\it  fire-box^  barrel  and  smoke-hox.     The 
fire-box,  in  the  left  of  the  engraving,  is  generally  a  more  or  less  rect^iigular  i 
box,  with  a  flat  top,  placed  inside  a  second  box  of  somewhat  similar  shape,  1 
but  With  a  semi -cylindrical,  or,  as  in  the  figure,  domed  top,     In  the  limer 
fire-box  arc  the  fire-bars,  on  which  the  fuel  is  placed  through  a  door  in  front.  | 
The  space  between  the  inner  and  outer  boxes  is  filled  with  water  to  a  height 
considerably  over  the  top  of  the  inner  one,  and  communicates  freely  with  a 
long  cylindrical  barrel^  closed  at  the  other  end  by  the  smake-bcx.     This 
barrel,  which  forms  the  main  bulk  of  the  boiler,  is  tilled  with  water  to  within 
nine  or  ten  inches  of  its  upper  side*     It  is  traversed  from  end  to  end  by  4 
great  number  of  small  tubes  (about  ij  inch  in  diameter)  which  communicate 
with  the  inner  fire-box  at  the  one  end,  and  with  the  smoke-box  at  the  othcf- 
They,  therefore,  are  entirely  immersed  in  the  water  from  end  to  end     ITic  ^ 
gases  of  combustion,  formed  in  the  inner  fire-box,  pass  through  these  tubcf  ] 
to  the  smoke-box,  and  thence  up  the  chimney,  and  impart  most  of  their  heat 
to  the  water  as  they  pass  along.  There  are  two  steam  cylinders,  one  on  each 
side  of  the  frame,  each  one  with  its  piston  and  connecting  rod,  etc,  being 
simply  an  ordinary  high-pressure  horizontal  engine.     Their  exhaust  steaxo 
is  discharged  through  a  blast  pipe  into  a  nossie  inside  the  chimney  near  its 
base,  and  this  serves  to  excite  the  fierce  draught  which  is  required  in  order 
that  the  necessary  heat  may  be  developed  by  the  very  small  furnace.    Tlit 
two  cylinders  work  cranks  at  right  angles  to  each  other,  so  that  one  may  bt 
in  full  action  when  the  other  is  at  its  dead  point. 

A  locomotive  such  as  that  shown  in  the  figure   ts   called  an  amUiJt  \ 
cylinder  engine,  on  account  of  the  position  of  its  cylinders^     la  En^bod 
many  engines  have  cylinders  placed  inside  the  frames,  which  are  then  calM 
inside  cylinder  locomotives.     In  express  engines  the  cylindens  firequtodf 
drive  only  one  very  large  pair  of  wheels,  as  is  shown  in  the  figure    Tbojj 
are  called  driznng  iclteelSy  those  on  the  front  axle  being  ItadiHg 
on  the  rear  axle  trailing  wheels.     In  the  case  of  goods  engines,  howcv«r| 
well  as  in  many  other  instances),  when  less  speed  but  a  greater  pull  b  \ 
quired,  two  or  more  pairs  of  wheels  of  the  same  diameter  are 
together  by  coupling  rads^  so  that  two  or  more  axles  may  be  directly  I 
indirectly  actually  driven  by  the  engine.     Such  engines  arc  cmlkd 
engines. 

The  action  of  the  engine  upon  the  wheels  may  cause  them  ellhei  to  1 
round  on  the  rails  (in    which  case  the  engine,  of  course,  docs  not 
onwards)  or  to  roll  on  them  in  the  usual  way.   To  prevent  slipping  < 
it   is  necessary  to  make  the  friction  between  the  wheels  and  the  rail*  I 
great  as  possible.     This  is  done  by  making  as  large  a  proporticiii  d 
whole  weight  as  possible  rest  on  the  driving  or  the  coupled  wheda,  \ 
— when  bad  weather  causes  the  rails  to  be  greasy  or  otherwise  imii 
slippery — by  increasing  the  coefficient  of  friction  (47)  between  the 
and  the  rails  by  pouring  sand  on  the  latter.     All  locomotives  arc 
w^ith  a  sand-box  for  this  purpose. 

The  steam  pressure  in  locomotives  is  greater  than  that  commonly  1 
in  any  other  engines,  bemg  often  120  to  130  lbs.  per  square  inch  abovt  I 
atmosphere.    In  marine  engines  jro  to  80  lbs.  t$  ofrea  tised,  Id  stJ 
engines  seldom  quite  so  much. 
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The  following  is  an  explanation  of  the  reference  letters  in  fig.  393  :— A, 
the  main  steam-pipe,  conveying  steam  to  the  cylinder  F,  in  which  works  a 
piston  P,  driving  the  crank  M  through  the  connecting  rod  K,  rr  are  the 
piston-rod  guides,  V  the  stuffing-box.  The  exhaust  steam  is  discharged 
through  the  pipe  £.  (It  will  be  remembered  that  the  c>'linder  and  all  this 
gear  are  duplicated  on  the  other  side  of  the  engine.)  D  Z  is  the  outer  fire- 
box and  X  the  barrel  of  the  boiler,  both  covered  with  felt  and  wood  or  sheet 
iron  to  prevent  loss  of  heat  by  radiation.  The  small  tubes  are  seen  at  a, 
Y  is  the  smoke-box,  and  Q  the  chimney  or  funnel.  TT  are  the  springs 
which  transmit  the  weight  of  the  frame  to  the  axle-boxes.  Of  the  smaller 
details,  G  I  is  the  arrangement  for  closing  or  opening  the  steam-admission 
\al%*e,  B^  the  reversing  gear,  RR  feed-water  pipes,  N  coupling  rod  for 
attaching  tender  and  rest  of  train,  e  i  safety  valves,  g  whistle,  ni  steps,  n 
water  gauge,  /  cocks  for  blowing  water  out  of  cylinders,  H  cock  for  blowing 
got  boiler  when  necessar>\ 

It  is  perhaps  hardly  necessary  to  explain  that  the  breaking  away  of  part 
of  the  fire-box,  cylinder,  etc.,  is  done  in  the  drawing  only  for  the  sake  of 
ifaowing  dearly  the  internal  construction. 

471.  ^riMrioas  kinds  of  steam  engine. — Three  types  of  steam  engine 
ba%e  been  described ;  the  Cornish  engine,  the  ordinar>'  horizontal  engine, 
asd  the  locomotive  engine.  Others  ought  to  be  mentioned,  although  they 
cnnot  be  here  described  in  detail.  Compound  engines  are  those  in  which 
vhc  Meam  is  first  used  in  the  ordinary  way  in  one  cylinder  and  then  trans- 
ferred—of course  at  a  comparatively  low  pressure — to  another  cylinder  and 
ssed  in  it  before  being  sent  away  to  the  condenser.  This  type  is  practically 
universal  for  marine  purposes,  and  is  ver>'  common  for  stationary  engines. 
Its  main  advantage  is  a  thermodynamic  one.  In  an  ordinary  engine  the 
c\1inder  walls  are  exposed  alternately  to  the  hot  steam  from  the  boiler 
and  the  cool  vapour  passing  to  the  condenser.  The  latter  so  reduces  the 
torperaiure  of  the  iron,  that  when  the  first  rush  of  fresh  steam  comes  into 
^€  c\lindcr,  much  of  it  is  immediately  condensed  on  the  cool  metal,  and  an 
enonnous  quantity  of  heat  is  thereby  lost.  I5y  passing  the  steam  through 
as  .ntermediate,  or  low-pressure^  cylinder  on  its  way  to  the  condenser,  the 
»:«i«-  r.f  the  first  or  high-pressure  cylinder  are  never  exposed  to  condenser 
-empfrature,  but  only  to  that  of  the  steam  as  it  passes  to  the  low-pressure 
^iir.dcr  :  they  therefore  are  not  so  much  cooled,  and  the  loss  of  steam  by 
•"'■-cl'rr.iaiion  on  them  is  very  much  reduced.  There  is  no  mcchamcal  gain, 
A:  hi^  sometimes  been  staled,  in  the  use  of  two  cylinders  instead  of  one. 

.Sometimes  the  cylinder  of  an  engine  is  inclosed  in  a  second,  sli;;litly 
»Arg«r,  cylinder,  and  fresh  steam  at  boiler  pressure  admitted  to  the  annular 
*pirc  io  fonned  outside  the  working  cylinder.  The  object  of  this  is  to  rcs 
^uce  s;iil  further  the  condens*ation  in  the  cylinder  just  alluded  to.  Such  an 
^7*ne  is  said  to  be  steam-jacketed, 

A  surface-condensing  engine  is  one  in  which  the  steam  is  condensed  by 
•^'^taci  with  the  surface  of  a  number  of  small  tulles  through  whirh  cold 
'«•>..'  is  kept  continually  circulating  without  being  itself  actually  mixed  with 
tr.e  condensing  water.  By  this  arrangement  the  conden>ed  steam  is  kej)t 
V,  itself,  and  being  distilled  water  it  can  be  used  ver>'  advanta;,'er)usly  to  feed 
ti^  V^iler  again.     Compound  marine  engines  are  almost  invariably  surfa'^e- 
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condensing.  In  this  case  the  air  pomp  only  takes  away  die  condensed 
steam,  a  separate  pamp,  called  a  circulating  pomp,  being  used  to  force  die 
condensing  water  through  the  tubes. 

Engines  without  any  condenser,  like  that  shown  in  fig.  390^  in  which  die 
steam  is  exhausted  directly  into  the  atmosphere  after  it  has  done  its  work, 
are  often  called  high-pressure  engines,  but  high  piessures  (of  80  to  90 pounds 
per  square  inch)  are  now  frequently  used  in  condensing  engines,  so  that  the 
name  may  be  somewhat  misleading. 

In  such  an  engine  as  is  shown  in  fig.  390  we  ha\*e  seen  that  the  governor 
keeps  the  speed  constant,  by  closing  or  opening  an  exterior  valve  through 
which  the  steam  passes  on  its  way  to  the  main  valve.    An  artificial  resist- 
ance is  in  this  way  opposed  to  the  passage  of  the  steam,  by  increa»ng 
which  the  pressure  can  be  reduced,  and  therefore  the  work  done  by  the 
steam,  so  that  the  engine  will  not  run  too  fast  if  the  resistance  to  its  mocioo 
be  diminished  (as  by  the  disconnecting  of  some  of  the  machines  it  is  driving, 
etc).    The  actual  weight  of  steam  passing  into  the  cylinder  at  each  stroke 
remains  unchanged,  but  the  amount  of  useful  work  the  steam  can  do  is 
diminished  artificially  by  giving  it  some  useless  work  to  do  in  addition,  m 
forcing  its  way  through  a  constricted  passage.    This  is  now  known  to  be  a 
wasteful  way  of  controlling  speed.      In   modem  engines,  therefore,  the 
governor  is  frequently  made  to  act  by  regulating  the  quantity  of  steam  ad*   ^ 
mitted  by  each  stroke,  and  thus  making  the  consumption  of  steam  as  nearif  j 
as  possible  proportional  to  the  work  done.     Engines  so  arranged,  of  wWd  ^ ' 
the  Corliss  engine  is  one  of  the  best-knoi^-n  examples,  are  said  to  be  fitted  j 
with  automatic  cut-off' gear.  i^ 

There  is  a  popular  misconception,  that  somehow  or  other  work  is  lost  ii  :^ 
an  engine  of  the  ordinary  type  bet\»'een  the  piston  and  the  crank,  the  latiff  i^ 
receiving  less  work  than  is  done  on  the  former  in  consequence  of  the  natait  .?-" 
of  the  mechanism  connecting  them.     It  is  probably  unnecessary  to  poiit 
out  here  the  fallacy  of  this  notion,  but  it  has  received  sufficient  acceptaaot 
to  lead  to  the  invention  of  a  host  of  r^//zry  engines,  in  which  it  is  endeavooel 
to  obtain  the  desired  rotary  motion  in  a  somewhat  more  direct  fajliiM 
Reuleaux  has  shou-n  that  in  almost  every  case  the  mechanisms  used  in  lit 
rotary  engines  are  the  same  as  those  of  ordinary  engines,  although  disgvbii  ^ 
in  form,  so  that  the  idea  of  mechanical  advantage  is  doubly  a  mistake, 
in  almost   every   case  the  rotary  engines  possess  such  grave  mechaaiai 
defects  that  none  of  them  have  practically  come  into  use. 

472.  "Work  of  an  enrlae.    Sorse-power. — The  unit  of  work  by  wkkl 
the  performance  of  an  engine  is  measured  is  in  this  country  always  thcfcci* 
pound.     The  number  of  foot-pounds  of  work  done  by  the  engine  in 
given  time  is  equal  to  the  average  effective  pressure  upon  its  piston  darill 
that  time,  multiplied  by  the  total  distance  through  which  the  piston  !• 
moved  under  that  pressure.     By  average  effective  pressure  is  meant  ll* 
average  value   of  the  difference  between  the  pressures  on  its  two  site  r^ 
Taking  the  lime  as  one  minute,  this  quantity  of  work  in  foot-poundl  ^  ■ 
equal  to:  — 

Area  0/ piston  x  mean  intensity  0/ pressure  on  piston  x  length  ef  i 
X  number  of  strokes  per  minute. 

The  stroke  must  be  taken  in  feet     If  the  area  is  in  square  feet,  At 
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picswfe  must  be  in  pounds  per  square  foot ;  if  the  area  is  in  square  inches, 
the  pressure  must  be  in  pounds  per  square  inch.  If  the  strokes  are  double 
strokes,  each  corresponding,  that  is,  to  one  whole  revolution  of  the  shaft,  the 
kngth  of  stroke  must  be  multiplied  by  2.  To  find,  for  example,  ihe  work 
done  in  one  minute  by  an  engine  with  cylinder  16  inches  diameter  and  24 
iacbes  stroke,  making  50  (double)  strokes  per  minute  with  a  mean  pressure 
of  52  pounds  per  square  inch,  we  have 

(8*  X  3*1416)  X  52  K  \^A13l\  X  50 « 2,091,000 ft-lbs. 

The  rate  at  which  an  engine  does  work  is  often  measured  in  horse-power  of 
33/xx>  ft. -lbs.  per  minute,  an  arbitrary  unit  supposed  to  represent  the  maxi- 
■mm  rate  at  which  work  could  actually  be  done  by  a  horse.     In  the  case 

niposed  the  horse-power  would  be  ?'^'?^???  -  63-4. 

On  the  Continent  the  unit  of  work  is  a  kilogrammetre,  which  is  very 
dosely  equal  to  ^\  ft. -lbs.  The  horse-power  used  abroad,  of  75  kilo- 
{nmmetres  per  second,  is  nearly  2  per  cent  smaller  than  that  in  use  in  this 
ooootry. 

473.  ZBdloAtor.  Brake. — By  the  expression  work  done  by  an  en^ne  we 
oay  mean  either  of  two  things,  viz, — the  total  work  done  by  the  engine,  or 
wtm  i^  called  its  useful^  or  effectivcy  work.  The  total  work  is  the  actual  work 
done  by  the  steam  on  the  piston  and  obtained  by  calculation,  as  described 
a  djc  last  paragraph.  The  useful  work  is  what  remains  of  this  total  after 
deduction  has  been  made  of  the  work  necessary  to  drive  the  engine  itself 
a^nst  its  own  frictional  resistances.  The  total  work  of  an  engine  is  mea- 
■■ed  by  means  of  an  apparatus  called  an  indicator^  invented  by  Watt,  of 
vbch  hg-  394  shows  one  of  the  most  recent  forms  (Richard's),  omitting  a 

aber  of  constructional  details.  The  steam-engine  indicator  consists  of  a 
1  c\'linder  A,  half  a  square  inch  in  area,  in  which  works  a  piston  B,  the 
side  of  which  can  be  put  into  full  communication  with  the  cylinder 
rf  the  engine  by  opening  the  cock  C  Between  the  top  side  of  the  piston 
awl  the  under  side  of  the  c>'linder-cover  is  a  spiral  spring.  The  motion 
tf  the  piston-rod  is  transferred  to  a  parallel  motion  DD,  and  so  causes  a 
yoint  E  to  move  in  a  straight  line  up  and  down,  its  stroke  being  about 
fear  times  as  great  as  that  of  the  small  piston.  The  indicator  is  fixed  on  to 
the  cylinder  of  the  steam  engine  near  one  end,  so  that  when  the  cock  C  is 
opex>ed,  there  is  the  same  pressure  of  steam  on  the  indicator  piston  as  on  the 
eagine  piston.  This  pressure  forces  up  the  piston,  and  the  amount  of  com- 
pression of  the  spring  so  caused  is  proportionate  to  the  pressure  cau£.ing  it. 
IW  upward  motion  of  E,  therefore,  is  proportional  to  the  steam  pressure. 
la  frrmt  of  E  is  a  vertical  drum  F  on  which  a  strip  of  paper  can  be  fixed, 
awl  this  drum  is  caused  to  rotate  about  its  axis  by  attaching  the  cord  G 
Id  ary  suitable  part  of  the  engine.  The  pap)cr  thus  moves  horizontally 
aader  the  pencil,  with  a  motion  proportional  to  the  stroke  of  the  engine, 
•b:Ie  the  pencil  moves  up  and  down  on  the  paper  with  a  motion  proportional 
to  !h<  >;eam  pressure  on  the  piston.  The  two  motions  occurring  simul- 
tac-ffwisly.  the  pencil  traces  on  the  paper  a  curve  whose  horizontal  and 
■errkal  ordinates  are  proportional  to  the  two  quantities  just  named,  and 
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whose  area  is  therefore  proportional  to  the  product  of  these  qoantitl 
which  is  the  same  thing,  to  the  work  done  by  the  piston  as  defined  \ 
last  paragraph.  The  curve  is  called  an  indicator  card,  or  induaior  Jk 


B 


t 


Fi«0^^ 


F««*  SM- 


i^ 


r«.»^ 


i  while  its  whole  urea  shows  the  whole  work  done  by  the  steani,  its  J 
vs  the  engineer  what  is  happening  within  the  cylinder  at  each  j 
the  stroke,  which  he  may  often  require  to  know, 

f'igs.  395  and  396  show  two  fonns  of  indicator  diagram.    The 
themselves,  as  drawn  by  the  indicator,  are  lettered  A  B  C  D*     Beside  ( 
a  scale  of  pressure  in  atmospheres  is  placed.     In  fig.  395  the  steam  f 
panded  about  seven  times,  and  the  back  pressure  is  about  J  of  an  ; 
sphere,  the  pressure  during  admission  being  five  atmospheres.     The  ' 
is  a  condensing  one,  and  the  diagram  is  fairly  good.     Fig.  396  is  for  a] 
condensing  engine,  the  back  pressurv  being  abo%*c  that  of  the  at 
The  steam  is  cut  off  (at  B)  only  at  about  \  of  the  stroke,  so  that  it ! 
working  economically,  and  from  the  rounclness  of  its  comers  tlie 
would  be  considered  a  poor  one. 

Tlie  useful  work  of  an  engine  is  measured  by  an  entirely  diHcreot  j 

of  apparatus,  called  a  dyfiamom^ier.    This  is  used  m  many  formS|  ' 

397   shows  the  principle  upon  which  the  majority  act      Tbc 

[  shown  in  the  figure  is  known  as  a  Pron/i  friciioH  hr&kt.    A  Is  thi  ( 

jihc  usual  work  transmitted  by  which  we  require  to  find     Upon  the  i' 

im  fixed  pullc>*  B,  embraced  by  two  blocks  B,  and  B,,  which  can  b^f 

f  up  by  the  screws  at  Cj  and  C^.    To  the  lower  block  is  fixed  a  Ic 

which  hangs  a  weight,  and  which  has  at  its  extremity  a  small 

ing  against  a  short  scale  F.     If  such  an  apparatus  be  set  la 

turning  the  shaft  A,  one  of  two  things  must  happen  ;  cither  llui  {Nillry  i 
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tipiooDd  in  the  blocks,  or  it  must  so  grip  them  as  to  carry  both  them  and 
be  lever  D  round  its  own  axis.  The  moment  of  resistance  to  the  former  is 
'F,if  rbe  the  radius  of  the  pulley  and  F  the  frictional  resistance  at  its 


Fig.  397. 

?^J"'Pher}- :  that  of  the  latter  is  RW,  where  R  is  the  radius  of  the  weight 
^id  W  the  weight  itself.  In  practice  the  screw  C._,  is  loosened  just  suffi- 
:-nrJy  to  keep  the  weight  just  lifted  from  the  ground,  while  the  pulley  is 
■»^ys  turning  round  in  the  blocks,  so  that,  therefore, 

rF  =  R\V 

I»e  »ork  done  at  the  brake  per  minute  is  equal  to  the  frictional  resistance 
oltiplied  by  the  distance  through  which  it  is  overcome  in  the  same  time, 
.  if /r  be  the  number  of  revolutions  per  minute, 

-27rrF;x  =  27rR\V//. 

is  therefore  just  the  same  as  if  a  resistance  » \V  were  continually  being 
ercome  at  the  periphery  of  a  wheel  of  radius  R,  making  n  turns  per  minute. 
\  the  values  of  all  the  quantities  in  the  expression  27rR\V//  arc  very  readily 
tennincd,  it  will  be  seen  that  this  brake  affords  a  very  simple  way  of 
asuring  the  net  work  transmitted  through  the  shaft  of  an  engine. 


The  ratio 


useful  work 


or 


work  shown  by  brake 


is  called  the  efficiency 


total  work  work  shown  by  indicator 

the  engine  as  a  machine,  or  its  nuchanical  efficiency.  It  is  often  as  much 
0^5.  and  sometimes  even  higher  than  09  or  90  per  cent.,  being  generally 
atcit  in  large  engines. 

474.  Bfleieacy  of  beat  eiifflnes. — There  is  another  ratio  of  efficiency 
iDccted  with  the  steam  engine,  namely  the  ratio 

Total  work  done  by  engine 
Total  heat  expended 

ich  la  called  the  efficiency  of  the  engine  as  a  heat  engine  or  its  thcrmo- 
uimic  efficiency.  If  T,  and  T^  be  res|)ectively  the  absolute  temperatures 
S.  r.f  the  steam  and  the  feed  water  in  any  engine,  then  it  can  be  shown 
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that  such  an  engine,  if  working  quite  perfectly,  could  transform  no  moi 

than  (  -lZ_s  j  of  the  heat  which  it  receives  into  work.    This  fraction  in  tk 

case  of  a  steam  engine  is  seldom  more  than  about  0*25.  The  value  of  th 
actual  efficiency  of  the  engine  is  often  from  o-io  to  0*14 ;  while,  therefore 
an  ordinary  steam  engine,  with  such  an  efficiency,  turns  into  work  only  froi 
Y5  to  I  of  the  whole  heat  it  receives,  yet  it  may  be  turning  into  work  |  c 
more  of  the  whole  heat  which  it  could  possibly  transform  into  work  if 
were  perfect 

To  increase  the  economy  of  steam  engines  we  require  to  make  the  valu 

of  \—^ — ']  larger.    This  is  done  either  by  raising  Tj  or  by  lowering  T^  c 

both.  The  chief  difficulty  is  that  we  cannot  raise  T,  without  increasing  th 
steam  pressure,  which  it  is  often  not  convenient  to  do,  while  we  cannot  lowe 
Tj  below  such  a  temperature,  50°  to  60®  F.,  as  can  readily  be  obtainei 
naturally,  at  all  seasons  of  the  year. 

475.  Sot-air  engines. — The  difficulty  as  to  T^  just  mentioned  is  got  ove 
by  the  use  of  some  fluid  whose  pressure  is  not  a  function  of  its  tempe 
rature,  and   naturally  air  is  the   most   convenient  fluid  for  the  purpose 
Many  *  hot-air*  engines  have  been  designed,  and  some  have  found  a  con- 
siderable  measure  of  success  commercially,  as  Rider's,  Hock's,  and  Leh- 
mann's.    In  all  cases  the  engines  consist  essentially  of  one  (or  two)  chamben 
placed  so  that  one  end  can  be  heated  by  a  furnace  and  the  other  cooled  bj 
a  refrigerator.    The  air  is  compelled  to  move  from  the  cold  space  to  the  hof 
and  back  a^^ain  continually.     When  hot  it  is  allowed  to  expand  and  poll 
forward  a  piston,  when  cold  it  is  compressed  by  pushing  back  the  pistor 
again  to  its  original  position.     The  difference  between  these  two  quantior 
of  work  is  the  whole  work  done  by  the  engine.     By  making  T,  a  very  luf 

(T  — T  \  • 

\^ — ^  j  of  an  air  engine  miy 

made  much  higher  than  that  of  a  steam  engine.     But  it  is  so  much  m 
difficult  to  attain  the  theoretical  efficiency  in  the  air  than  in  the  stf 
engine,  that  its  actual  efficiency  is  generally  much  lower  than  that  < 
steam  engine.     There  are  constructive  difficulties  connected  with  the 
air  chambers,  and  with  the  regulation  of  the  speed,  and  these,  as  well  as 
the  large  bulk  of  most  air  engines  in  proportion  to  their  power,  have  • 
greatly  in  the  way  of  their  development.     No  doubt,  however,  much 
improvement  would  have  taken  place  in  these  engines  had  not  gas  a 
come  into  prominence  of  late  years  and  proved  much  more  convenien* 

476.  CkM  engines. — Gas  engines,  like  steam  engines  and  air  engir 
heat  engines,  but  in  them  the  working  fluid  is  ordinar>'  coal  gas  mix* 
air,  in  the  proportion  of  about  i  to  1 1  by  volume.     The  principle  of 
is  very  simple  : — The  explosive  mixture  after  being  drawn  into  the  < 
is  set  light  to,  the  heat  generated  by  the  ver>'  rapid  combustio 
we  call  an  explosion  causes  the  mixed  gases  to  expand  and  drive 
the  piston.     The  great  difficulty  for  many  years  was  that  the  explo 
so  rapid  that  the  comparatively  slow-going  piston  could  not  keep  u 
and  the  greater  part  of  the  energy  of  the  explosion  was  lost  by  radi 
conduction.     In  the  more  modern  gas  engines,  however  (Otto's  ar 
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aad  odiersX  this  difiiculty  is  got  over  by  compressing  the  charge  before 
Ipwtli^  tt,  a  U^atment  which  is  found  to  decrease  very  much  the  rapidity 
dL  die  explosion  and  so  greatly  increase  the  actuaJ  efficiency  of  the  engine. 
Ffe^.  yfk  shows  the  principal  parts  of  an  Otto  ^Silent'  gas  engine,  as  now  made. 
A  is  the  cryllnder^  open  at  front  and  single-acting,  in  which  works  a  deep 
^fomm  F»  driving  a  crank  in  the  usual  manner.  The  cylinder  is  surrounded 
hf  m  watG^  jacket,  to  prevent  it  from  getting  too  hot.  At  the  back  of  the 
cfteder  is  a  slide  valve  B,  worked  by  a  cam,  not  shown  in  drawing,  on  the 


l^lluft  G.  The  valve  B  is  kept  up  against  its  face  by  spiral  springs'E, 
0  b  m  chamber  in  which  a  small  jet  of  gas  for  igniting  the  mixture  is  con- 
l^lly  bammg.  C|  ts  the  cock  for  admission  of  gas,  and  C,j  an  India- 
iMer  bai^  to  equalise  the  gas  pressure.  The  working  of  the  engine  is  as 
Ubn :— the  piston  moves  from  left  to  right  and  draws  into  llie  cylinder  the 
4|luMPe  mixture.  On  the  return  stroke  it  compresses  the  mixture  to  about 
jiliaiiiUlii  IIS.  The  igniting  flame  is  then  allowed  to  come  for  an  instant 
•It  C0aCa^  with  the  compressed  mixture,  which  bums  very  rapidly  Cor 
HpfcjJu  iJawly,  whichever  expression  be  preferred)  and  pushes  the  piston 
i»«atd  agaia,  the  pressure  rising  to  lo  or  1 2  atmospheres*  On  the  next 
MOm  stroke  the  burnt  gases  are  pushed  out  through  the  opening  shown  in 
llvdmiFJfliK^  and  the  process  begins  again  once  more.  There  are  many 
iifnlottt  afTSOgeiDents  about  this  t>^e  of  engine  which  our  space  will  not 
lliv  vm  10  Qicstlion  in  detail.  It  must  sufhce  to  say  that  the  engine  has 
pnvtd  datiiictly  economical,  and  has  such  vety  great  conveniences  as  may 
&kfyaccotmt  for  the  rapid  way  in  which  its  use  (and  that  of  other  gas 
«(»»)  hiA  extended 

ta  rooriiiaknt,  it  is  as  well  to  point  out  that,  as  long  as  they  work  between 
^ttiae  lemp^f^fufc^,  there  is  no  difference  between  steam,  air,  and  gas 
t^pBO  as  tn  al  economy.     The  lust  two  gain  by  the  possibility  of 

•g^hi^lliCT  'f^mperatu^e  than  cafi  be  employed  in  a  steam  engine^ 

^Ml^t  Itt^^  '  istructive  and  mechanical  difficulties  which  pre- 

•tc  fJicir  tbcofc-  lency  from  being  attained. 
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CHAPTER  XL 

SOURCES  OF  HEAT  AND  COLD. 

477.  Bifferent  sovroMi  pf  beat. — The  following  diflferent  sources  of 
heat  may  be  distinguished  :  i.  the  tnechanical  sources^  comprising  friction, 
percussion,  and  pressure  ;  ii.  the  physical  sources — that  is,  solar  radiation, 
terrestrial  heat,  molecular  actions,  change  of  condition,  and  electricity; 
iii.  the  chemical  sources^  or  molecular  combinations,  and  more  especially 
combustion. 

In  what  follows  it  will  be  seen  that  heat  may  be  produced  by  reversing 
its  effects  ;  as,  for  instance,  when  a  liquid  is  solidified  or  a  gas  compressed 
(479) ;  though  it  does  not  necessarily  follow  that  in  all  cases  the  reversal  of 
its  effects  causes  heat  to  be  produced — instead  of  it,  an  equivalent  of  some 
other  form  of  energy  may  be  generated. 

In  like  manner  heat  may  be  forced  to  disappear,  or  cold  be  produced 
when  a  change  such  as  heat  can  produce  is  brought  about  by  other  means, 
as  when  a  liquid  is  vaporised  or  a  solid  liquefied  by  solution  ;  though  here 
also  the  disappearance  of  heat  is  not  always  a  necessary  consequence  of 
the  production,  by  other  means,  of  changes  such  as  might  be  effected  by 
heat. 

MECHANICAL  SOURCES. 

478.  Beat  dae  te  flrlctton. — The  friction  of  two  bodies,  one  against  the 
other,  produces  heat,  which  is  greater  the  greater  the  pressure  and  the  more        ] 
rapid  the  motion.     For  example,  the  axles  of  carriage  wheels,  by  their  fric-        * 
tion  against  the  boxes,  often  become  so  strongly  heated  as  to  take  fire.    By       | 
rubbing  together  two  pieces  of  ice  in  a  vacuum  below  zero,  Sir  H.  Davy        2 
partially  melted  them.     In  boring  a  brass  cannon  Rumford  found  that  the       j^ 
heat  developed  in  the  course  of  i\  hours  was  sufficient  to  raise  26J  pounds       ^ 
of  water  from  zero  to  loo*',  which  represents  2,650  thermal  units  (447).  Mayer        \ 
raised  water  from  12°  to  13°  by  shaking  it.    At  the  Paris  Exhibition,  in  1855,       ^ 
Beaumont  and  Mayer  exhibited  an  apparatus,  which  consisted  of  a  woodea       '^ 
cone  covered  with  hemp,  and  moving  with  a  velocity  of  400  revolutions  in  1 
minute,  in  a  hollow  copper  cone,  which  was  fixed  and  immersed  in  the  water 
of  an  hermetically-closed  boiler.     The  surfaces  were  kept  cox-cred  with  ofl. 
By  means  of  this  apparatus  88  gallons  of  water  were  raised  from  10  to  130 
degrees  in  the  course  of  a  few  hours.  "^ 

In  the  case  of  flint  and  steel,  the  friction  of  the  flint  against  the  sted 
raises  the  temperature  of  the  metallic  particles,  which  fly  off,  heated  to  such 
an  extent  that  they  take  fire  in  the  air. 

The  luminosity  of  aerolites  is  considered  to  be  due  to  their  friction 
against  the  air,  and  to  their  condensation  of  the  air  in  front  of  them  {479\ 
their  velocity  attaining  as  much  as  1 50  miles  in  a  second. 
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TyndAlJ  has  devised  an  experiment  by  which  the  great  heat  developed  by 
illustrated  in  a  striking  manner  A  brass  tube  (fig.  399),  about 
tin  length  and  }  of  an  inch  in  diameter,  is  fixed  on  a  small  wheel. 
I  of  a  cord  passing  round  a  much  larger  wheels  this  tube  can  be 
with  any  desired  velocity.  The  tube  is  three  parts  full  of  water,  and 
s dosed  by  a  cork.  In  making  the  experiment,  the  tube  is  pressed  between 
m  wooden  clamp,  while  the  wheel  is  rotated  with  some  rapidity.  The  water 
nptdly  becomes  heated  by  the  friction,  and  its  temperature  soon  exceeding 
Ibe  boiling-point,  the  cork  is  projected  to  a  height  of  several  yards  by  the 
tkitic  force  of  tlie  steam. 

4^  S««t  dne  to  pressiuro  and  peveusslon.— If  a  body  be  so  com- 
peted that  Its  density  is  increased,  its  temperature  rises  according  as  the 


^kat  difnmtsbes.  Joule  has  verified  this  in  the  case  of  water  and  of  oil, 
•Ifch  were  exposed  to  pressures  of  15  to  25  atmospheres.  In  the  case  of 
^fcr  St  11*^.,  incresisc  of  pressure  claused  lowering  of  temperature— a  result 
ilidl  agrees  with  the  fact  that  water  contracts  by  heat  at  this  temperature. 
<fafliffy,  when  weights  arc  laid  on  metallic  pillars,  heat  is  evolved,  and 
ifcmliLd  when  they  arc  removed.  So  in  like  manner  the  stretching  of  a 
Mttfife  wire  i!i  attended  with  a  diminution  of  temperature. 

Theprodortinn  fif  hrat  by  the  compression  of  gases  is  easily  shown  by 

HeMi  of  ih*  '  (fig.  400),     This  consists  of  a  glass  tube 

#101  tluck  ^^i  r  «Llly  by  a  leather  piston.     At  the  bottom  of 

btiw  i§  m  CAVity   in  which    a  small   piece  of  cotton,  moistened  with 

or  bMlphidc  of  carbon,  is  placed.     The  tube  being  full  of  air,  the 

I  it  fuiidenly  plunged  downwards;  the  air  thus  compressed  disen>;ages 

I  best  as  to  ignite  the  cotton,  which  is  seen  to  bum  when  the  piston 

ritMrawn,     The  ignition  of  the  cotton  in  this  experiment  indicates 

^  of  Jit  least  500". 

Tte  dent  ton  of  temperature  produced  by  the  compression  in  the  above 

:  is  fnfficTcnt  to  effect  the  combination,  and  therefore  the  detona* 

I  i^^if  a  mimture  of  hydrogen  and  oxygen. 

A  CMiiiiiii  sppitcmtioii  of  the  prmciple  of  the  pneumatic  syringe  is  met 
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with  in  the  American /<7^^r  ram  for  pile-driving.  On  the  pile  to  be  driven 
is  fixed  a  powder  mortar,  above  which  is  suspended  at  a  suitable  distance  an 
iron  rammer,  shaped  like  a  gigantic  stopper,  which  just  fits  in  the  mortar. 
Gunpowder  is  placed  in  the  mortar,  and  when  the  rammer  is  detached  it 
falls  into  the  mortar,  compresses  the  air,  producing  so  much  heat  that  the 


Fig.  400W 

powder  is  exploded.  The  torce  of  the  gases  projects  the  nunmer  into  its 
original  position,  where  it  is  caught  by  a  suitable  arrangement ;  at  the  same 
time  the  reaction  of  the  mortar  on  the  pile  drives  this  in  with  fiir  greater 
force  than  the  fall  of  the  rammer.  After  adding  a  fresh  charge  of  powder, 
the  rammer  is  again  allowed  to  fall,  again  produces  heat,  explosion,  and  » 
forth,  so  that  the  driving  is  effected  in  a  surprisingly  short  time. 

Percussion  is  also  a  source  of  heat.  In  firing  shot  at  an  iron  target,  a 
sheet  of  flame  is  frequently  seen  at  the  moment  of  impact ;  and  Sir  J.  Whit- 
worth  has  used  iron  shells  which  are  exploded  by  the  concussion  on  strikii^ 
an  iron  target.  A  small  piece  of  iron  hammered  on  the  anvil  becomes  veiy 
hot.  The  heat  is  not  simply  due  to  an  approximation  of  the  molecules— 
that  is,  to  an  increase  in  density — but  arises  from  a  vibratory  motion  im- 
parted to  them  ;  for  lead,  which  does  not  increase  in  density  by  hammering, 
nevertheless  becomes  heated. 

The  heat  due  to  the  impact  of  bodies  is  not  difficult  to  calculate.  \Mi«- 
ever  a  body  moving  with  a  velocity  v  is  suddenly  arrested  in  its  molioOr 
its  tHs  viva  is  converted  into  heat.  This  holds  equally  whatever  be  the 
cause  to  which  the  motion  is  due  :  whether  it  be  that  acquired  by  a  stooe 
falling  from  a  height,  by  a  bullet  fired  from  a  gun,  or  the  rotation  <rf  * 
copper  disc  by  means  of  a  turning-table.     The  vis  viva  of  any  moving  body 

is  expressed  by  -'—  or  in  foot-pounds  by  -c^,  where  /  is  the  weight  ia 
2  2g 

pounds,  V  the  velocity  in  feet  per  second,  and  g  is  about  32  (29) ;  and  if  the 

whole  of  this  be  converted  into  heat,  its  equivalent  in  thermal  units  will  be 

-c^- —  Suppose,  for  instance,  a  lead  ball  weighing  a  pound  be  fired 
2^x1390  ^'^      '  e>      *>       r- 

from  a  gun,  and  strike  against  a  target,  what  amount  of  heat  will  it  produce? 
We  may  assume  that  its  velocity  will  be  about  1,600  feet  per  second ;  thai 

its  vis  viva  will  be      -  -  40,000  foot-pounds.     Some  of  this  will  hi^ 

2  X  32 

been  consumed  in  producing  the  vibrations  which  represent  the  sound  of  the 

shock,  some  of  it  also  in  its  change  of  shape ;  but  neglecting  these  two»»» 

being  small,  and  assuming  that  the  heat  is  equally  divided  between  the  ball 


^tSO] 
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Uie  tsirget,  then,  since  40,000  foot-pounds  is  the  equivalent  of  287 
units,  the  share  of  the  balJ  will  be  14*3  thermal  units ;  and  if»  for 
(ty*s  sake,  we  assume  that  its  initial  temperature  is  zero,  then,  taking 
beat  at  0x1314,  we  shall  have 

I  K  0*0314  X  /«  143  or  /-457*', 
i4m:h  is  a  temperature  considerably  above  that  of  the  melting  point  of 
Vad  (13S). 

By  allowing  a  lead  ball  to  fall  from  various  heights  on  an  iron  plate,  both 
ei|>erieii€e  an  increase  of  temperature  which  may  be  measured  by  the 
cSicmiopile ;  and  from  these  increases  it  may  be  easily  shown  that  the  heat 
B  directly  proportional  to  the  height  of  fall,  and  therefore  to  the  square  of 
tbefdocity. 

By  similar  methods  Mayer  has  calculated  that  if  the  motion  of  the  earth 
wmt  suddenly  arrested  the  temperature  produced  would  be  sufficient  to  melt 
iBd  even  volatilise  it ;  while,  if  it  fell  into  the  sun,  as  much  heat  would  be 
indaced  as  results  from  tl\e  combustion  of  5,000  spheres  of  carbon  the  size 
#«r|jl<^be. 

PHYSICAL  SOURCES, 

l$a  ■•Imr  rsdlAtton.— The  most  intense  of  all  sources  of  heat  is  the 
«u  Dtfierent  attempts  have  been  made  to  determine  the  quantity-  of  heat 
•isdi  il  emits.  Pouillet  made  the  first 
Mmoim  mcauRxrements  of  the  heat  of 
lb  na  by  means  of  an  instrument 
olid  tbe  fyrokeiwniiter.  The  form 
Upeicoied  in  fig.  401  consists  of  a 
teeyifldfical  metal  box  3  inches  in 
^batter  and  {  an  inch  deep,  contain- 
i^  •  kaown  weight  of  water.  To  it  is 
iied  m  nctal  tube  which  contains  the 
in  of  a  delicate  thermometer,  the 
liib  o#  wlticll  dips  in  the  liquid  of  the 
Ite,  being  iitsed  by  means  of  a  cork. 
He  aibe  works  in  two  collars,  so  that 
hfataai  of  a  milled  head  it  can  be 
>— iii  and  with  it  the  vessel,  and  tlie 
^lill  tJuis  be  untiormly  mixed.  The 
^  ef  tlia  vessel  is  coated  with  lamp- 
NidCf  aod  b  90  adjusted  that  the 
^Ti  rayi  laQ  perpend iculnrty  ujjon  it. 
Hii  oa  be  ascertained  by  observing 
*ba  the  tliidnw  exaxrtly  covers  the 
Wer  4isc  wliidt  is  fitted  to  the  satne 


hif.  401. 


The  iasmnoent  was  exposed  for 
t  oanaias  ai  a  time  to  the  sun^s 

riai^  the  weight  of  the  water,  its  rise  In  tcmpcmturc  could  be  easily 
(449)-     Corrections  were  necessary  for  the  heat  rejected  by  the 

1.  and  also  for  the  heal  absorbed  bv  the  air. 
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Pouillet  calculated  from  the  results  of  experiments  with  this  apparatus 
that  if  the  total  quantity  of  heat  which  the  earth  receives  from  the  sun  in  the 
course  of  a  year  were  employed  to  melt  ice,  it  would  be  capable  of  melting  a 
layer  of  ice  all  round  the  earth  of  35  yards  in  thickness.  The  heat  emitted 
by  the  sun  is  equal  to  that  produced  by  the  combustion  of  1,500  pounds  6[ 
coal  in  an  hour  on  each  square  foot  of  its  surface.  But  from  the  surface 
which  the  earth  exposes  to  the  solar  radiation,  and  from  the  distance  which 
separates  the  earth  from  the  sun,  the  quantity  of  heat  which  the  earth 
receives  can  only  be  tMih»P»  ^^  ^^  ^^*^  emitted  by  the  sun. 

Faraday  calculated  that  the  average  amount  of  heat  radiated  in  a  day  on 
each  acre  of  ground  in  the  latitude  of  London  is  equal  to  that  which  would 
be  produced  by  the  combustion  of  sixty  sacks  of  coal. 

The  heat  of  the  sun  cannot  be  due  to  combustion,  for  even  if  the  son 
consisted  of  hydrogen,  which  of  all  substances  gives  the  most  heat  in  com- 
bining with  oxygen,  it  can  be  calculated  that  the  heat  thus  produced  would 
not  last  more  than  3,000  years.     Another  supposition  is  that  originally  put 
forth  by  Mayer,  according  to  which  the  heat  which  the  sun  loses  by  radiadoa 
is  replaced  by  the  fall  of  aerolites  against  its  surface.     One  class  of  these  is 
what  we  know  as  shooting  stars,  which  often  appear  in  the  heavens  with 
great  brilliancy,  especially  on  August  14  and  November  15  ;  the  term  mettark 
stone  or  aerolite  being  properly  restricted  to  the  bodies  which  fall  on  the 
earth.     They  are  often  of  considerable  size,  and  are  even  met  with  in  the 
form  of  dust     Although  some  of  the  sun's  heat  may  be  restored  by  the 
impact  of  such  bodies  against  the  sun,  the  amount  must  be  very  small,  for 
Sir  W.  Thomson  has  proved  that  a  fall  of  0*3  gramme  of  matter  in  a  second 
on  each  square  metre  of  surface  would  be  necessary  for  this  purpose.    The 
effect  of  this  would  be  that  the  mass  of  the  sun  would  increase,  and  the 
velocity  of  the  earth's  rotation  about  the  sun  would  be  accelerated  Xo  an 
extent  which  would  be  detected  by  astronomical  observations. 

Helmholtz  considers  that  the  heat  of  the  sun  was  produced  originally  by 
the  condensation  of  a  nebulous  mass,  and  is  kept  up  by  a  continuance  of 
this  contraction.  A  sudden  contraction  of  the  primitive  nebular  mass  of  the 
sun  to  its  present  volume  would  produce  a  temperature  of  28  millions  of 
degrees  Centigrade ;  and  a  contraction  of  ^ihiQ  ^^  *^^  mass  would  he 
sufficient  to  supply  the  heat  radiated  by  the  sun  in  2,000  years.  This  amooot 
of  contraction  could  not  be  detected  even  by  the  most  refined  astronomical  • 
methods. 

481.  Terrestrial  beat. — Our  globe  possesses  a  heat  peculiar  to  it,  whkh 
is  called  the  terrestrial  heat.  The  variations  of  temperature  which  occur  al 
the  surface  gradually  penetrate  to  a  certain  depth,  at  which  their  influence 
becomes  too  slight  to  be  sensible.  It  is  hence  concluded  that  the  solar  beat 
does  not  penetrate  below  a  certain  internal  layer,  which  is  called  the  layer^ 
constant  annual  temperature ;  its  depth  below  the  earth's  external  surfjwe 
varies,  of  course,  in  different  parts  of  the  globe  ;  at  Paris  it  is  about  30  >'ards, 
and  the  temperature  is  constant  at  1 1  8°  C. 

Below  the  layer  of  constant  temperature,  the  temperature  is  observed  to 
increase,  on  the  average,  1°  C.  for  ever>'  90  feet.  The  most  rapid  increase 
is  at  Irkutsk  in  Siberia,  where  it  is  i°for  20  feet,  and  the  slowest  in  the  mines 
at  Mansfield,  where  it  is  about  1°  C.  for  330  feet.     This  increase  has  been 
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verified  in  mines  and  artesian  wells.  According  to  this  at  a  depth  of  3,000 
yards,  the  temperature  of  a  corresponding  layer  would  be  100^,  and  at  a 
depth  of  20  to  50  miles  there  would  be  a  temperature  sufficient  to  melt  all 
sabstances  which  exist  on  the  surface.  Hot  springs  and  volcanoes  confirm 
the  esdstence  of  this  central  heat. 

Various  hypotheses  have  been  proposed  to  account  for  the  existence  of 
this  central  heat  The  one  usually  admitted  by  physicists  is  that  the  earth 
was  originany  in  a  liquid  state  in  consequence  of  the  high  temperature,  and 
that  by  radiation  the  surface  has  gradually  solidified,  so  as  to  form  a  solid 
oust  The  thickness  of  this  crust  is  not  believed  to  be  more  than  40  to  50 
miles,  and  the  interior  is  probably  still  in  a  liquid  state.  The  cooling  must 
be  \-ery  slow,  in  consequence  of  the  imperfect  conductivity  of  the  crust  For 
the  same  reason  the  central  heat  does  not  appear  to  raise  the  temperature 
of  the  surface  more  than  ^^  of  a  degree. 

482.  MmmSt  w^m^mmwA  ^  AbsorptloB  and  ImMbittoa. —  Molecular  phe- 
nomena, such  as  imbibition,  absorption,  capillary  actions,  are  usually  accom- 
panied by  disengagement  of  heat.  Pouillet  found  that  whenever  a  liquid  is 
poared  on  a  finely-divided  solid,  an  increase  of  temperature  is  produced 
vliich  varies  with  the  nature  of  the  substances.  With  inorganic  substances, 
ncfa  as  metal,  the  oxides,  the  earths,  the  increase  is  y^s  of  a  degree ;  but 
»ith  organic  substances,  such  as  sponge,  flour,  starch,  roots,  dried  mem- 
bones^  the  increase  varies  from  i  to  10  degrees. 

The  absorption  of  gases  by  solid  bodies  presents  the  same  phenomena. 
l>bbcrciner  found  that  when  platinum,  in  the  fine  state  of  division  known  as 
pUtinum  black,  is  placed  in  oxygen,  it  absorbs 
many  hundred  times  its  volume,  and  that  the  gas 
1)  :hen  in  such  a  state  of  density,  and  the  tempera- 
■3re  so  high,  as  to  give  rise  to  intense  combustions. 
>pong)'  platinum  produces  the  same  effect  A  jet 
•<  hydrogen  directed  on  it  takes  fire. 

The  apparatus  known  as  Dobereiner's  Lamp 
4?pc.nds  on  this  property  of  finely-divided  platinum. 
I:  consists  of  two  glass  vessels  (fig.  402).  The 
ars!.  A,  fits  in  the  lower  vessel  by  means  of  a 
tabulure  which  closes  it  hermetically.  At  the  end 
•/the  tubulure  is  a  lump  of  zinc,  Z,  immersed  in 
•iilute  sulphuric  acid-  Hy  the  chemical  action  of 
!he  line  on  the  dilute  acid  hydrogen  gas  is  ^cne- 
raied,  which,  finding  no  issue,  forces  the  liquid  out 
'/  the  vessel  B  into  the  vessel  A,  so  that  the  zinc 
i»  aot  in  contact  with  the  liquid.  The  stopper  of 
*Jfc5  upper  vessel  is  raised  to  give  exit  to  the  air  in 
pr'>portion  as  the  water  rises.  On  a  copper  tube, 
H.  fixed  in  the  side  of  the  vessel  B,  there  is  a  small 

r  rjt^  ,u  perforated  by  an  orifice  ;  above  this  there  is  some  spong>-  platinum 
;.•;  the  capsule,  c.  As  soon  now  as  the  cock,  which  clones  the  tube,  H,  is 
'ipeaed,  the  hydrogen  escapes,  and,  coming  in  contact  with  the  spongy 
plAtir.um,  is  ignited. 

The  condensation  of  vapours  by  solids  often  produces  an  appreciable 
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increase  of  temperature.  This  is  particularly  the  case  with  humiis,  which,  to 
the  benefit  of  plants,  is  warmer  in  moist  air  than  the  air  itsell 

Favre  has  found  that  when  a  gas  is  absorbed  by  charcoal  the  amount  of 
heat  produced  by  the  absorption  of  a  given  weight  of  sulphurous  acid,  or  of 
protoxide  of  nitrogen,  greatly  exceeds  that  which  is  disengaged  in  the  lique- 
faction of  the  same  weight  of  gas  ;  for  carbonic  acid,  the  heat  produced  by 
absorption  exceeds  even  the  heat  which  would  be  disengaged  by  the  solidi- 
fication of  the  gas.  The  heat  produced  by  the  absorption  of  these  gases 
connot,  therefore,  be  explained  by  assuming  that  the  gas  is  liquefied,  or  even 
solidified  in  the  pores  of  the  charcoal.  It  is  probable  that  it  is  in  part  due  to 
that  produced  by  the  liquefaction  of  the  gas,  and  in  part  to  the  heat  due  to 
the  imbibition  in  the  charcoal  of  the  liquid  so  produced. 

The  heat  produced  by  the  changes  of  condition  has  been  already  treated 
of  in  the  articles  Solidification  and  Liquefaction;  the  heat  produced  by  elec- 
trical action  will  be  discussed  under  the  head  of  Electricity, 
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483.  Ohemloal    eomblnatlon.     OomMwtlon. — Chemical  comhinaticm 

are  usually  accompanied  by  a  certain  elevation  of  temperature.  When  these 
combinations  take  place  slowly,  as  when  iron  oxidises  in  the  air,  the  beat 
produced  is  imperceptible  ;  but  if  they  take  place  rapidly,  the  disengagement 
of  heat  is  very  intense.  The  same  quantity  of  heat  is  produced  in  both  cases, 
but  when  evolved  slowly  it  is  dissipated  as  fast  as  formed. 

Combustion  is  chemical  combination  attended  with  the  evolution  of  light 
and  heat.  In  ordinary  combustion  in  lamps,  f^res,  candles,  the  carbon  and 
hydrogen  of  the  coal,  or  of  the  oil,  etc.,  combine  with  the  ox-ygen  of  the  air.  . 
But  combustion  does  not  necessarily  involve  the  presence  of  oxygen.  If 
either  powdered  antimony  or  a  fragment  of  phosphorus  be  placed  in  a  vesid 
of  chlorine,  it  unites  with  chlorine,  producing  thereby  heat  and  flame. 

Many  combustibles  bum  with  flame.  A  flame  is  a  gas  or  vapour  raised 
to  a  high  temperature  by  combustion.  Its  illuminating  power  varies  witli 
the  nature  of  the  product  formed.  The  presence  of  a  solid  body  in  the  flaae 
increases  the  illuminating  power.  The  flames  of  hydrogen,  carbonic  oxide, 
and  alcohol  are  pale,  because  they  only  contain  gaseous  products  of  com- 
bustion. But  the  flames  of  candles,  lamps,  coal  gas,  have  a  high  illuminatint 
power.  They  owe  this  to  the  fact  that  the  high  temperature  produced  de- 
composes certain  of  the  gases,  with  the  production  of  carbon,  whidi,  «<i 
being  perfectly  burnt,  becomes  incandescent  in  the  flame.  Coal  gas,  whe« 
burnt  in  an  arrangement  by  which  it  obtains  an  adequate  supply  of  air,  sack 
as  a  Bunsen's  burner,  is  almost  entirely  devoid  of  luminosity.  A  non-lumi- 
nous flame  may  be  made  luminous  by  placing  in  it  platinum  wire  or  asbestoi. 
The  temperature  of  a  flame  does  not  depend  on  its  illuminating  power. 
A  hydrogen  flame,  which  is  the  palest  of  all  flames,  gives  the  greateil 
heat. 

Chemical  decomposition^  in  which  the  attraction  of  heterogeneous  mole- 
cules for  each  other  is  overcome,  and  they  are  moved  further  apart,  b  IB 
operation  requiring  an  expenditure  of  work  or  an  equivalent  consumption  of 
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and  conversely,  in  chemical  combination,  motion  is  transfonned  into 

When  bodies  attract  each  other  chemically  their  molecules  move 

each  other  with  gradually  increasing  velocity,  and  when  impact  has 

\  pla(»  the  progressive  motion  of  the  molecules  ceases,  and  is  converted 

\  a  folaliiig^^  vibrating,  or  progressive  motion  of  the  molecules  of  the  new 


The  heit  produced  by  chemical  combination  of  two  elements  may  be 
CO  that  due  to  the  impact  of  bodies  against  each  other.  Thus  the 
of  the  atoms  of  oxygen,  which  in  virtue  of  their  progressive  motion, 
wA  of  chefnical  attraction^  rush  against  ignited  carbon,  has  been  likened  by 
T^lkdlll  to  the  action  of  meteorites  which  fall  into  the  sun. 

The  beat  of  combustion  of  allotropic  forms  of  the  same  substance  is  not 
Uflftiral,  fts  is  seen  from  the  case  of  charcoal,  graphite,  and  diamond ;  and  is 
ibo  found  tn  dififerent  vanettes  of  sulphur. 

As  i^afds  compounds,  it  differs  in  such  as  are  ntiiamericwXl^  each  other, 
those,  that  is  lo  say,  which  have  the  same  empirical  formula.  Thus,  that  of 
acetic  acid  is  3505  and  of  methyl  formate  4157.  With  p&lymeric  compounds, 
•"Ihoic  which  have  the  same  j)ercentagc  composition,  and  only  difTer  by  the 
mhvof  atoms  in  the  molecule^  the  heat  of  combustion  diminishes  with  the 
fiwiplfyiry  of  the  molecule.  Tlius,  that  of  amylene  Q^i^  is  11491^  and  that 
ifiNttniylene  C^^H^  is  10928. 

|t$.  Mmmt  diseogmced  during  comlinfttloii.— Many  physicists,  more 
■fedidly  Lavoisier,  Rumford,  Dulong,  Despretz,  Hess,  Favre  and  Silber- 
MBt  and  Andrews,  have  investigated  the  quantity  of  heat  disengaged  by 
bodies  tn  chemical  combinations. 
Iufhcse  experiments  Lavoisier  used  the  ice  calorimeter  already  described. 
I0ed  a  calorimeter  known  by  his  name,  which  consists  of  a  rect- 
oof>per  canister  filled  with  water.  In  this  canister  there  is  a  worm 
pssaes  through  the  bottom  of  the  box,  and  terminates  below  in  an 
fimiieL  Under  this  funnel  is  burnt  the  substance  experimented 
^iB>  The  products  of  combustion,  in  passing  through  the  worm,  heat  the 
^fer  of  the  canister,  and  from  the  increase  of  its  temperature  the  quantity 
if  kot  Cful<«i  b  calculated.  Despretz  and  Dulong  successively  modified 
ilafeiifs  calodtQeter  by  allowing  the  combustion  to  take  place,  not 
wtfkle  the  caaisier,  but  in  a  chamber  placed  in  the  liquid  itself;  the 
i^pn  fieeessaiy  for  the  combustion  entered  by  a  tube  in  the  lower  part  of 
tttdittmbert  and  the  products  of  combustion  escaped  by  another  tube 
|hoal  ai  the  upper  part  and  twisted  in  a  serpentine  form  in  the  mass  of  the 
i|rii  lo  be  heated.  Favre  and  Silbennann  have  improved  this  calorimeter 
*ii]r  lETcaily  (463),  not  only  by  avoiding  or  taking  account  of  all  possible 
iMoei  of  error,  but  by  arranging  it  for  the  determination  of  the  heat  evolved 
llMter  cbcmical  actions  than  those  of  ordinary  combtistion. 

Tbc  m>ciillients  of  Favre  and  Silbermann  are  the  most  trustworthy,  as 
\mtm^  hern  caoecuted  with  the  greatest  care.  They  agree  very  closely  with 
IhaK  of  DuJoog*  Taking  as  thennaJ  unit  the  heat  necessary  to  raise  the 
HMpaoane  of  a  pound  of  water  through  om  degree  Centigrade,  the  follow* 
ai|^  table  givea  th^  thermal  units  in  round  numbers  disengaged  by  a  pound 
if  ndi  of  the  unbalances  while  burning  in  oxygen  : — 
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34462 

Diamond 

.     7770 

13063 

Absolute  alcohol 

.    7180 

II858 

Coke       . 

.    7000 

10852 

Phosphorus 

•     5750 

.    9860 

Wood,  dry      . 

.    4025 

9030 

Bisulphide  of  carbon 

.    3401 

8460 

Wood,  moist  . 

.     3100 

8080 

Carbonic  oxide 

.    2400 

8000 

Sulphur  . 

.     2220 

7797 

Zinc 

.     1300 

8000 

Iron 

.     1181 

Hydrogen 
Marsh  gas     . 
Olefiant  gas  . 
Oil  of  turpentine 
Olive  oil 
Ether    . 
Anthracite 
Charcoal 
Coal      . 
Graphite 
Tallow  . 

Bunsen's  calorimeter  (451)  has  been  used  with  advantage  for  studying 
the  heat  produced  in  chemical  reactions  for  cases  in  which  only  very  small 
quantities  are  available. 

The  experiments  of  Dulong,  of  Despretz,  and  of  Hess  proved  that  a  body 
in  burning  always  produces  the  same  quantity  of  heat  in  reaching  the  same 
degree  of  oxidation,  whether  it  attains  this  at  once,  or  only  reaches  it  after 
passing  through  intermediate  stages.  Thus  a  given  weight  of  carbon  gives 
out  the  same  amount  of  heat  in  burning  directly  to  carbonic  acid,  as  if  it 
were  first  changed  into  carbonic  oxide,  and  then  this  were  burnt  into  carbonic 
acid. 

The  temperature  of  combustion^  or,  in  the  case  of  gases,  the  temperature 
of  the  flame,  is  the  upper  limit  of  the  temperature  which  can  be  attained  by 
the  combustion  of  a  body.  This  can  be  deduced  from  the  heat  of  combus- 
tion, and  from  the  specific  heats  of  the  bodies  produced.  The  theoretical 
temperature  of  combustion  of  hydrogen  in  oxygen  is  calculated  at  6,715**; 
this,  however,  is  never  even  approximately  reached,  for  at  the  lower  tem- 
peratures aqueous  vapour  is  dissociated  {^%()\  and  the  combustion  canoot 
exceed  a  certain  limit. 

485.  Animal  best. —  In  all  the  organs  of  the  human  body,  as  well  as 
those  of  all  animals,  processes  of  oxidation  are  continually  going  on.  Oxygen 
passes  through  the  lungs  into  the  blood,  and  so  into  all  parts  of  the  body,  lo 
like  manner  the  oxidisible  bodies,  which  are  principally  hydrocarbons,  pass 
by  the  process  of  digestion  into  the  blood,  and  likewise  into  all  parts  of  the 
body,  while  the  products  of  oxidation,  carbonic  acid  and  water,  are  eliminated 
by  the  skin,  the  lungs,  etc.  Oxidation  in  the  muscle  produces  motions  of  the 
molecules,  which  are  changed  into  contraction  of  the  muscular  fibres ;  aO 
other  oxidations  produce  heat  directly.  When  the  body  is  at  rest,  all  its 
functions,  even  involuntary  motions,  are  transformed  into  heat  When  the 
body  is  at  work,  the  more  vigorous  oxidations  of  the  working  parts  ait 
transferred  to  the  others.  Moreover,  a  great  part  of  the  muscular  work  is 
changed  into  heat,  by  friction  of  the  muscle  and  of  the  sinews  in  their  sbeathSi 
and  of  the  bones  in  their  sockets.  Hence  the  heat  produced  by  the  body 
when  at  work  is  greater  than  when  at  rest.  The  blood  distributes  beat 
uniformly  through  the  body,  which  in  the  normal  condition  has  a  temperature 
of  37°  C  «  98*6  F.  The  blood  of  mammalia  has  the  same  temperature,  that  of 
birds  is  somewhat  higher.  In  fever  the  temperature  rises  to  42° -43**,  and  in 
cholera,  or  when  near  death,  sinks  to  35°.  i 
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The  function  of  producing  work  in  the  animal  organism  was  formerly  con- 
sidered as  separate  from  that  of  the  production  of  heat.  The  latter  was 
held  to  be  specially  due  to  the  oxidation  of  the  hydrocarbons  of  the  fat,  while 
the  work  was  ascribed  to  the  chemical  activity  of  the  nitrogenous  matter. 
This  view  has  now  bfleen  generally  abandoned ;  for  it  has  been  found  that 
during  work  there  is  no  increase  in  the  secretion  of  urea,  which  is  the  result 
of  the  oxidation  of  nitrogenous  matter ;  moreover,  the  organism  while  at 
rest  produces  less  carbonic  acid,  and  requires  less  oxygen  than  when  it  is  at 
work :  and  the  muscle  itself,  both  in  the  living  organism  and  also  when 
removed  from  it  and  artificially  stimulated,  requires  more  oxygen  in  a  state 
of  activity  than  when  at  rest.  For  these  reasons  the  production  of  work  is 
ascribed  to  the  oxidation  of  the  organic  matter  generally. 

The  process  of  vegetation  in  the  living  plant  is  not  in  general  connected 
vith  any  oxidation.  On  the  contrary,  under  the  influence  of  the  sun's  rays, 
the  green  parts  of  plants  decompose  the  carbonic  acid  of  the  atmosphere 
imo  free  oxygen  gas  and  into  carbon,  which,  uniting  with  the  elements  of 
vater,  form  cellulose,  starch,  sugar,  and  so  forth.  In  order  to  effect  this,  an 
expenditure  of  heat  is  required  which  is  stored  up  in  the  plant,  and  which 
itappears  during  the  combustion  of  the  wood,  or  of  the  coal  arising  from  its 
<lcooinposition. 

At  the  time  of  blossoming  a  process  of  oxidation  goes  on,  which,  as  in 
■i^  case  of  the  blossoming  of  the  Victoria  regia^  is  attended  with  an  appreci- 
able rise  of  temperature. 

HEATING. 

486.  AUEerent  kladii  of  beatinc. —  Heating  is  the  art  of  utilising  for 
domestic  and  industrial  purposes  the  sources  of  heat  which  nature  offers  to 
■is-  Our  principal  source  of  artificial  heat  is  the  combustion  of  coal,  coke, 
*jl1  «ood,  and  charcoal. 

Wc  may  distinguish  five  kinds  of  heating,  according  to  the  apparatus 
->ed:  I  St,  heating  with  an  open  fire  ;  2nd,  heating  with  an  enclosed  fire,  as 
'ith  a  s;ove  ;  3rd,  heating  by  hot  air  :  4th,  heating  by  steam  ;  5th,  heating 
*^the  circulation  of  hot  water. 

4^7.  FIreplaees. — Fireplaces  are  open  hearths  built  against  a  wall  under 
^'himncy,  through  which  the  products  of  combustion  escape. 

Homever  much  they  may  be  improved,  fireplaces  will  always  remain  the 
^•^t  imperfect  and  costly  mode  of  heating,  for  they  only  render  available 
■3  per  cent  of  the  total  heat  yielded  by  coal  or  coke,  and  6  per  cent,  of  that 
5y  wood.  This  enormous  loss  of  temperature  arises  from  the  fact  that  the 
Orient  of  air  necessar>'  for  combustion  always  carries  with  it  a  large  quan- 
'tyof  the  heat  produced,  which  is  dissipated  in  the  atmosphere.  Hence 
f^fanklin  said  *  fireplaces  should  be  adopted  in  cases  where  the  smallest 
q3aatit>'  of  heat  was  to  be  obtained  from  a  given  quantity  of  fuel.'  Not- 
withstanding their  want  of  economy,  however,  they  will  always  be  preferred 
Ji  the  healthiest  and  pleasantest  mode  of  heating,  on  account  of  the  cheerful 
?^h:  which  they  emit,  and  the  ventilation  which  they  ensure. 

4A?.  9rm«cAt  of  ftroplaco*.— The  dnuii^ht  of  a  tire  is  the  upward  cur- 
rer:  in  the  chimney  caused  by  the  ascent  of  the  products  of  combustion  ; 
^l.-^r,  the  current  is  rapid  and  continuous,  the  chimney  is  said  to  drau.'  well. 
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The  draught  is  caused  by  the  difference  between  the  temperatu 
inside  and  that  on  the  outside  of  the  chimney ;  for,  in  consequent 

difference,  the  gaseous  bodies  whic 
chimney  are  lighter  than  the  air  of  1 
and  consequently  equilibrium  is  in 
The  weight  of  the  column  of  gas 
403,  in  the  chimney  being  less  tha 
the  external  column  of  air  AB  of  ' 
height,  there  is  a  pressure  from  th 
to  the  inside  which  causes  the  pr 
combustion  to  ascend  the  more  r 
proportion  as  the  difference  in  wei| 
two  gaseous  masses  is  greater. 

The  velocity  of  the  draught  of  a 
may  be  determined  theoretically 
formula 


V^^2ga{f-t)h, 

in  which  sr  is  the  acceleration  of  1 

Y\B   403 

the  coefficient  of  the  expansion  of  1 
height  of  the  chimney,  f  the  mean  temperature  of  the  air  inside  the< 
and  /  the  temperature  of  the  surrounding  air. 

The  currents  caused  by  the  difference  in  temperature  of  two  c 
eating  gaseous  masses  may  be  demonstrated  by  placing  a  candle 
top  and  near  the  bottom  of  the  partially-opened  door  of  a  warm  re 
the  top,  the  flame  will  be  turned  from  the  room  towards  the  outsi* 
the  contrary  effect  will  be  produced  when  the  candle  is  placed 
ground.  The  two  effects  are  caused  by  the  current  of  heated  a 
issues  by  the  top  of  the  door,  while  the  cold  air  which  replaces  it 
the  bottom. 

In  order  to  have  a  good  draught,  a  chimney  ought  to  satisfy  the  1 
conditions : — 

i.  The  section  of  the  chimney  ought  not  to  be  larger  than  is  nco 
allow  an  exit  for  the  products  of  combustion  ;  otherwise  ascendm{ 
scending  currents  are  produced  in  the  chimney,  which  cause  it  to  si 
is  advantageous  to  place  on  the  top  of  the  chimney  a  conical  pot  ; 
than  the  chimney,  so  that  the  smoke  may  escape  with  sufficient  v< 
resist  the  action  of  the  wind. 

ii.  The  chimney  ought  to  be  sufficiently  high,  for,  as  the  dr 
caused  by  the  excess  of  the  external  over  the  internal  pressure,  this 
greater  in  proportion  as  the  column  of  heated  air  is  longer. 

iii.  The  external  air  ought  to  pass  into  the  chamber  with  : 
rapidity  to  supply  the  wants  of  the  fire.  In  an  hermetically-clos 
combustibles  would  not  bum,  or  descending  currents  would  be  form< 
would  drive  the  smoke  into  the  room.  Usually  air  enters  in  1 
quantity  by  the  crevices  of  the  doors  and  windows. 

iv.  Two  chimneys  should  not  communicate,  for  if  one  drag's  be 
the  other,  a  descending  current  of  air  is  produced  in  the  latter,  whic 
smoke  with  it. 


fU) 


Heating  by  Hot  Air. 


451 


For  tli«  strong  fires  required  by  steam  boilers  and  the  Uke,  very  high 
cymAeys  are  needed  :  of  course  the  increase  in  height  would  lose  its  effect 
if  llie  hoi  column  above  became  cooled  down.  Hence  chimneys  are  often 
iBl4t  wilb  hollow  walls— that  is,  of  separate  concentric  layers  of  masonr}' 
or  bridc^'ork— the  space  between  them  containing  air, 

489.  m%mwvmm — Stoves  are  apparatus  for  heating  with  a  detached  fire, 
placed  in  the  room  to  be  heated,  so  that  the  heat  radiates  in  all  directions 
fwnd  the  stove.  At  the  lower  part  is  the  draught*hole  by  which  the  air 
vcesftary  for  combustion  enters.  The  products  of  combustion  escape  by 
of  iron  chimncy-pipes.  This  mode  of  heating  is  one  of  the  most 
I,  but  it  is  by  no  means  so  healthy  as  that  by  open  fireplaces,  fot 
te  «MtilatJOn  is  very  bad,  more  especially  where,  as  in  Sweden  and  in 
GtOBUljr,  ihe  stoves  are  fed  from  the  outside  of  the  room.  These  stoves 
A  bad  smell,  arising  in  part  from  the  decomposition  of  organic  sub- 
wkich  are  always  present  in  the  air  by  their  contact  with  the  heated 
idc»  ol  the  chimneypipes  ;  or  possibly,  as  Deville  and  Troosi's  researches 
tool  Ml  show^  from  the  diffusion  of  gases  through  the  heated  sides  of  the 


The  heaimg  is  very  rapid  with  blackened  metal  stoves,  but  they  also 
twl  vtry  rapidly.  Stoves  constructed  of  polished  earthenware,  which  are 
aDuimoii  OQ  the  Continent,  heat  more  slowly,  but  more  pleasantly,  and  they 
fBUB  the  lieat  longer. 

49QL  Ke^iiii^  1»7  steAoeu — Steam,  in  condensing,  gives  up  its  latent  heat 
^vKpoiiikaiion^  and  this  property  has  been  used  in  heating  baths,  workshopSj 
|<t£e  buildings,  hothouses^  &c.  For  this  purpose  steam  is  generated  in 
Men  ttmilAr  to  those  used  for  steam-engines,  and  is  then  made  to  circulate 
h  |ipet  placed  in  the  room 
h  he  heated  The  steam 
and  in  doing  so 
to  the  pipe*  its  latent 
kiv  «fhkh  becomes  free, 
M  Ihtts  heats  the  surround- 

Heating  by  hot  air 
tMm  lA  heating  the  air  tn 
^hMrcr  pan  of  a  building, 
^wi  whtnee  tt  rises  to  the 
h|licr  part!  iti  virtue  of  its 
hMcstd  d«fi«ty.  The  appa- 
n^^  .*  ->^^nsed  a*  reprc- 
«r  404- 

4\  i^f4t^  of  tdbeSi  AB, 
arif  ooe  di  which  if  shown 
m  the  fifBie,  it  placed  in  a 
Inaec^  F,  ia  tlte  cellar.  The 
IV  vaM9   into   the   tubes 


Fif.4o<. 


iftmof  h  the  lower  end.  A,  where  tt  becomes  heated,  and,  rising  In  the  direc- 
liBn  of  the  afTQWs,  reaches  the  room  M  by  a  higher  aperture,  B.     The 

a  Q  a 
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various  rooms  to  be  heated  are  provided  willi  one  or  more  of 
tares,  which  are  placed  as  low  in  the  room  as  possible.  The 
an  ordinary  chimney*  Tliese  apparatus  are  more  economical  than' 
places,  but  they  arc  less  healthy,  unless  special  provision  is  made 
iation. 

492.  Beatlnr  by  hot  wMar.— This  consists  of  a  continuous  <j 
of  water,  which,  havin^'^  been  heated  in  a  boiler,  rises  through  a  serid 
and  then^  after  becoming  cool,  passes  into  the  boiler  again  by  asimij 
Fig*  405  represents  an  apparatus  for  heating  a  building  d 
storeys.  The  heating  apparatus,  which  is  in  the  basement,  cool 
bell-shaped  boiler,  o  o^  with  an  internal  flue,  F.  A  long  pipe,  \ 
the  upper  part  of  the  boiler,  and  also  in  the  reservoir  tj,  plaoi 
upper  part  of  the  building  to  be  heated.  At  the  top  of  this  rcseri 
IS  a  safety  valve,  j,  by  which  the  pressure  of  the  vapour  in  the  ial 

be  regulatcdi 
The  b^ 
pipe  M,  4i| 
tion  of  the 
Q.  being  fi 
^ater,  as  id 
heated  in  i 
an  ascendifl 
of  hot  wa^| 
the  reservi  ' 
at  the 
scending 
colder 

water  pass  J 

lower  part  4 

servoir    Q   j 

ceivcra,  ^,  4^ 

with      waici 

water      froi 

passes  agiil 

pipes    int(^  1 

ceivcrs,  tf,  i 

ultimately  i| 

the  lower  pi 

boiler,         J 

^*»^^  Duringj 

[iation  the  hot  water  heats  the  pipe^  and  the  receivers,  which  th^^ 

[true  water-stoves.     The  number  and   the  dimensions  of  xhesm 

determined  from  the  fact  that  a  cubic  foot  of  water  in  falling 

f  temperature  of  one  degree  can  theoretically  impart  the  saune 

temperature  to  5,200  cubic  feet  of  air  (460).     In  the  interior  of  th« 

£i,  ^,  f,  //,  r,/,  there  arc  cast*iron  tubes  which  communicate  wil 

r  side  by  pipes,  P,  placed  underneath  the  flooring.     The  air 

*  in  these  tubes,  and  issues  at  the  upper  part  of  the  receiver 

The  principal  ad%*antage  of  this  mode  of  heating  is  that  of 


M, 


M. 


LM 
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iture  which  is  constant  for  a  long  time,  for  the  mass  of  water  only  cools 
rly.  It  is  much  used  in  hothouses,  baths,  artificial  incubation,  drying 
ns,  and  generally  wherever  a  uniform  temperature  is  desired. 


SOURCES  OF  COLD. 

#93-  inarlMM  •— yg—  of  cold.— Besides  the  cold  caused  by  the  passage 
t  body  from  a  solid  to  the  liquid  state,  of  which  we  have  already  spoken, 
I  u  produced  by  the  expansion  of  gases,  by  radiation  in  general,  and  more 
edally  by  radiation  at  night 

194-  0«M  Wf^mom^  ^  tbm  espMMloa  of  gMM.  Bee  martiUMW.— We 
e  seen  that  when  a  gas  is  compressed,  the  temperature  rises.  The 
srse  of  this  is  also  the  case:  when  a  gas  is  rarefied,  a  reduction  of 
perature  ensues,  because  a  quantity  of  sensible  heat  disappears  when  the 
becomes  increased  to  a  larger  volume.  This  may  be  shown  by  placing 
dicale  Breguet's  thermometer  under  the  receiver  of  an  air-pump,  and 
aasting  ;  at  each  stroke  of  the  piston  the  needle  moves  in  the  direction 
ero,  and  regains  its  original  temperature  when  air  is  admitted. 
The  production  of  cold  when  a  gas  is  expanded  has  been  extensively 
fied  in  machines  for  artificial  refrigeration  on  a  large  scale.  By  Wind- 
sen's  ice  machine,  from  1 5,000  to  1 50,000  feet  of  air  can  be  cooled  in  an 
IT,  through  40  to  100  degrees  in  temperature,  by  means  of  a  steam-engine 
irom  6  to  20  horse-power.  The  essential  parts  of  this  machine  arc  repre- 
led  in  fig.  406.  The  piston  B  in  the  cylinder  A  is  worked  to  the  right  by 
team-engine  and  to  the  left  by  a  stcam-entjine  and  by  the  compressed  air. 


Fig.  406. 


'^cr 


it  moves  towards  the  right  the  valve  a  opens,  and  air  under  the  ordinary 
XKpheric  pressure  enters  the  space  A,.  When  this  is  full  the  piston  moves 
aids  the  left,  the  air  in  A  is  compressed  to  about  2  atmospheres,  the 
•e  a  is  closed,  the  valve  b  opens,  and  air  passes  in  the  direction  of  the 
>W5  into  the  cooler,  C.  By  its  compression  it  has  become  strongly 
ted,  and  the  necessary  cooling  is  effected  by  means  of  pipes  through 
ch  cold  water  circulates,  entering  at  5  and  emerging  at  C.  The  air,  thus 
tpresscd  and  cooled,  passes  out  through  the  valve  r,  which  is  automatically 
Iced  by  the  machine,  into  the  space  .A^  where,  in  conjunction  with  the 
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steam-engine,  it  moves  the  piston  to  the  left,  and  compresses  the  air  in  A, 
for  at  a  certain  position  of  the  piston  the  valve  c  is  closed,  the  compressei 
air  in  the  cylinder  A^  expands,  and  thereby  is  cooled  far  below  the  freezin; 
point.  As  the  piston  moves  again  to  the  right,  the  valve  d  is  opened  by  th 
working  of  the  machine,  and  the  cooled  air  emerges  through  the  tube  4  v 
its  destination.  If  it  passes  into  iin  ordinary  room  it  fills  it  with  snowflake< 
Machines  of  this  kind  are  extensively  employed  in  the  arts  ;  in  breweries 
oil  refineries,  in  the  artificial  production  of  ice,  and  in  cooling  rooms  fo 
the  transport  of  dead  meat,  &c.  on  board  ship. 

495.  Cold  prodneed  by  radiation  mx  aUrbt. — During  the  day,  th< 
ground  receives  from  the  sun  more  heat  than  radiates  into  space,  and  th< 
temperature  rises.  The  reverse  is  the  case  during  night.  The  heat  whid 
the  earth  loses  by  radiation  is  no  longer  compensated  for,  and  consequents 
a  fall  of  temperature  takes  place,  which  is  greater  according  as  the  sky  i: 
clearer,  for  clouds  send  towards  the  earth  rays  of  greater  intensity  thu 
those  which  come  from  the  celestial  spaces.  In  some  winters  it  has  beei 
found  that  rivers  have  not  frozen,  the  sky  having  been  cloudy,  although  the 
thermometer  had  been  for  several  days  below  —4**; 'while  in  other  less 
severe  winters  the  rivers  freeze  when  the  sky  is  clear.  The  emissive  pofwci 
exercises  a  great  influence  on  the  cold  produced  by  radiation  ;  the  greater  it 
is,  the  greater  is  the  cold. 

In  Bengal,  the  nocturnal  cooling  is  used  in  manufacturing  ice.  Laige 
flat  vessels  containing  water  are  placed  on  non-conducting  substances,  socb 
as  straw  or  dry  leaves.  In  consequence  of  the  radiation  the  water  freezes, 
even  when  the  temperature  of  the  air  is  10®  C.  The  same  method  can  be 
applied  in  all  cases  with  a  clear  sky. 

It  is  said  that  the  Peruvians,  in  order  to  preserve  the  shoots  of  ymxi% 
plants  from  freezing,  light  great  fires  in  their  neighbourhood,  the  smoke  of 
which,  producing  an  artificial  cloud,  hinders  the  cooling  produced  by 
radiation. 

496.  Absolute  sero  of  temperatvre. — As  a  gas  is  increased  ^ j;  ^^  ^^ 
volume  for  each  degree  Centigrade,  it  follows  that  at  a  temperatuae  of  :73* 
C.  the  volume  of  any  gas  measured  at  zero  is  doubled.  In  like  manner,  if 
the  temperature  of  a  given  volume  at  zero  were  lowered  through  -  273',  the 
contraction  would  be  equal  to  the  volume  :  that  is,  the  volume  would  not 
exist.  At  this  temperature  the  motion  of  the  molecules  of  the  gas  would 
completely  cease,  and  the  pressure  thereby  occasioned.  In  all  probability, 
before  reaching  this  temperature,  gases  would  undergo  some  change. 

This  point  on  the  Centigrade  scale  is  called  the  absolute  zero  of  tempers- 
turc  ;  the  temperatures  reckoned  from  this  point  are  called  absoluii  /'** 
teratures.  They  are  clearly  obtained  by  adding  273  to  the  temperature  00 
the  Centigrade  scale.  Thus  -  35^  C.  is  238^  on  the  absolute  scale  of  te«D« 
perature,  and  +  i  s""  C.  is  288^ 
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CHAPTER   XII. 

MECHANICAL  EQUIVALENT  OF  HEAT. 

497.  IBaelUMlMa  e^olTalent  of  Heat. — If  the  various  instances  of  the 
production  of  he^sit  by  motion  be  examined,  it  will  be  found  that  in  all  cases 
mechanical  force  is  consumed.  Thus  in  rubbing  two  bodies  against  each 
other,  motion  is  apparently  destroyed  by  friction  ;  it  is  not,  however,  lost, 
iMt  appears  in  the  form  of  a  motion  of  the  particles  of  the  body  ;  the  motion 
of  the  mass  is  transformed  into  a  motion  of  the  molecules. 

Again,  if  a  body  "be  allowed  to  fall  from  a  height,  it  strikes  against  the 
JSroond  with  a  certain  velocity.  According  to  older  views,  its  motion  is  de- 
«io>'cd,  vis  viva  is  lost.  This,  however,  is  not  the  case  ;  the  vis  viva  of 
'^c  body  appears  as  vis  viva  of  its  molecules. 

In  the  case,  too,  of  chemical  action,  the  most  productive  artificial  source 

'^  heat,  it  is  not  difficult  to  conceive  that  there  is,  in  the  act  of  combining, 

in  impact  of  the  dissimilar  molecules  against  each  other,  an  effect  analogous 

■the  production  of  heat  by  the  impact  of  masses  of  matter  against  each 

;  cr  ^483  /. 

In  like  manner,  heat  may  be  made  to  produce  motion,  as  in  the  case  of 
"-':  Steam-engine,  and  the  propulsion  of  shot  from  a  gun. 

Traces  of  a  view  that  there  is  a  connection  between  heat  and  motion  are 
•  >  met  with  in  the  older  writers.  Bacon  for  example  ;  and  Locke  says, 
Heat  is  a  very  brisk  agitation  of  the  insensible  parts  of  the  object,  which 
P''Kiuces  in  us  that  sensation  from  whence  we  denominate  the  object  hot  ; 
*'  that  what  in  our  sensation  is  heat,  in  the  object  is  nothing  but  motion.* 
^^i-nford,  in  explaining  his  great  experiment  of  the  production  of  heat  by 
f^-r:ion,  was  unable  to  assign  any  other  cause  for  the  heat  produced  than 
^■oiion  ;  and  Davy,  in  the  explanation  of  his  experiment  of  melting  ice  by 
^Ttion  in  vacuo^  expressed  similar  views.  Carnot,  in  a  work  on  the  steam- 
^■^nnc,  published  in  1824,  also  indicated  a  connection  between  heat  and 
*ork. 

The  views,  however,  which  had  been  slated  by  isolated  writers  had  little 
^'  no  influence  on  the  progress  of  scientific  investigation,  and  it  is  in  the 
>tar  1842  that  the  modern  theories  may  be  said  to  have  had  their  origin. 
^*  '.hat  year  Dr.  Mciyer,  a  physician  in  Heilbronn,  formally  stated  that  there 
^\\<xs  a  connection  between  heat  and  work  ;  and  he  it  was  who  first  intro- 
^-^.''•<i  into  science  the  expression  ^ mechaftical  equivalent  of  heat ^  Mayer 
*.vm  ;;ave  a  method  by  which  this  equivalent  could  be  calculated  ;  the  par- 
^ ' -[ar  results,  however,  are  of  no  value,  as  the  method,  though  correct  in 
Prnriplc,  is  founded  on  incorrect  data. 

In  the  same  year  too,  Colding  of  Copenhagen  published  experiments  on 
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the  production  of  heat  by  friction,  from  which  he  coocfaidcd  that  tbe  erolo- 
tion  of  heat  was  proportional  to  the  nsechanical  cnei^gy  rijinMlril. 

About  the  same  time  as  Mayer,  but  quite  indcpendcDllT  of  turn,  Jouk 
commenced  a  series  of  experimental  investigatioiis  on  tbe  reiatioo  bcfecn 
heat  and  work.  These  first  drew  the  attention  of  sdcntinc  men  to  tbe 
subject,  and  were  admitted  as  a  proof  that  the  transformation  of  beat  into 
mechanical  energy,  or  of  mechanical  energy  into  heat,  always  takes  place  in 
a  definite  numerical  ratio. 

Subsequently  to  Mayer  and  Joule,  se\'eral  physicists,  by  their  theoretical 
and  experimental  investigations,  have  contributed  to  establish  tbe  medianica] 
theory  of  heat :  namely,  in  this  countr>%  Sir  W.  Thomson  and  Rankine ;  in 
Germany,  Helmholtz,  Clausius,  and  Holtzmann  ;  and  in  France,  dapeyrmi, 
and  RegnaulL  The  following  are  some  of  the  most  important  and  satis- 
frurtory  of  Joule's  experiments. 

A  copper  vessel,  B  {fi%,  407%  was  pro\*ided  with  a  brass  paddle-wbed 
indicated  by  the  dotted  lines),  which  could  be  made  to  rotate  about  a 


Fig.  4>7- 

vertical  axis.  Two  weights,  E  and  F,  were  attached  to  cords  which  passed 
•over  the  pulleys  C  and  D,  and  were  connected  with  the  axis  A.  These 
weights  in  falling  cause  the  wheel  to  rotate.  The  height  of  the  fall,  which  ia 
Joule's  experiments  was  about  63  feet,  was  indicated  on  the  scales  G  andH- 

The  roller  .\  was  so  constructed  that  by  detaching  a  pin  the  ^-eightscouW 
be  raised  without  moving  the  wheel  The  vessel  B  was  filled  with  water 
and  placed  on  a  stand,  and  the  weights  allowed  to  sink.  When  they  had 
reached  the  ground,  the  roller  was  detached  from  the  axis,  and  the  weight* 
again  raised,  the  s,-ime  operations  being  repeated  twenty  times.  Theheii 
produced  was  measured  by  ordinar>'  calorimetric  methods  (447). 

The  work  expended  is  measured  by  the  product  of  the  weight  into  lh< 
height  throuj^h  which  it  falls,  or/^,  less  the  work  lost  by  the  frirtion  of  the 
various  pans  uf  the  apparatus,  rhi>  is  diminished  as  far  as  possible  b)the 
use  of  friction  ^^  heels   77  ,  and  its  amount  is  determined  by  connecting;  ^ 
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lOOt  causing  them  to  pass  over  A,  and  then  detennining  the 
ssary  to  communicate  to  them  a  uniform  motion. 
'ay  it  has  been  found  that  a  thermal  unit — that  is,  the  quantity  of 
:h  a  pound  of  water  is  raised  through  1°  C. — is  generated  by  the 
of  the  same  amount  of  work  as  would  be  required  to  raise  1,392 
ugh  I  foot,  or  I  pound  through  1,392  feet.  This  is  expressed  by 
the  mechanical  equivalent  of  the  thermal  unit  is  1,392  foot- 
ion  of  an  iron  paddle-wheel  in  mercury  gave  1,397  foot-pounds, 
the  friction  of  two  iron  plates  gave  1,395  foot-pounds,  as  the 
equivalent  of  one  thermal  unit. 

er  series  of  experiments,  the  air  in  a  receiver  was  compressed  by 
force-pump,  both  being  immersed  in  a  known  weight  of  water  at 
mperature.  After  300  strokes  of  the  piston  the  heat,  C,  was 
hich  the  water  had  gained.  This  heat  was  due  to  the  compres- 
ir  and  to  the  friction  of  the  piston.  To  eliminate  the  latter  in- 
experiment  was  made  under  the  same  conditions,  but  leaving  the 
»i.  The  air  was  not  compressed,  and  300  strokes  of  the  piston 
!'  thermal  units.  Hence  C  -  C  is  the  heat  produced  by  the  com- 
the  gas.     Representing  the  foot-pounds  expended  in  producing 

W 
W,  we  have  -      ~  for  the  value  of  the  mechanical  equivalent. 

bod  Joule  obtained  the  number  1,442. 

n  number  which  Joule  adopted  for  the  mechanical  equivalent  of 
I  unit  on  the  Centigrade  scale  is  1,390  foot-pounds ;  on  the 
scale  it  is  772  foot-pounds.  The  number  is  called  Joules  equi- 
is  usually  designated  by  the  symbol  J. 

letrical  system  424  metres  usually  are  taken  as  the  height  through 
Dgramme  of  water  must  fall  to  raise  its  temperature  i  degree 
This  is  equal  to  42,400,000  ergs  or  42*4  x  10®  grammes  raised 
sight  of  a  centimetre. 

r  Rowland  of  Haltimore  has  recently  made  a  very  careful  and 
^termination  of  the  mechanical  equivalent  of  heat,  by  Joules 
which  he  has  examined  and  allowed  for  all  possible  sources  of 
results  give  4269  kiloj^Tamme-metres  as  the  mean  value  of  this 
the  latitude  of  IJaltimore. 

de  the  following  determination  of  the  mechanical  equivalent  by 
c  heat  produced  by  the  compression  of  lead.  A  large  block  of 
Z\y  (fig.  408),  is  suspended  vertically  by  cords  ;  its  weight  is  P. 
of  lead,  fashioned  so  that  its  temperature  may  be  detennined  by 
tion  of  a  thermometer.  The  weight  of  this  is  H,  and  its  specific 
is  a  cylinder  of  cast  iron,  whose  weight  is/.  If  this  be  raised  to 
jht  of  //,  and  allowed  to  fall  again,  it  compresses  the  lead,  E, 
anvil,  CD.  It  remains  to  measure  on  the  one  hand  the  work 
the  other  the  heat  gained. 

imer  AB  being  raised  to  a  height  //,  the  work  of  its  fall  is  /// ; 
ts  elasticity,  it  rises  aj^jain  to  a  height  //,,  the  work  is/  (h-h^. 
CD,  on  the  other  hand,  has  been  raised  through  a  height  H 
I  has  required  in  so  doing  PI  I  units  of  work.     The  work,  W, 
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definitely,  absorbed  by  the  lead  is  p  (A-A^)  -  PH.    On  the  oiher  hand,  the 
lead  has  been  heated  by  0,  it  has  gained  Uc$  thennal  units,  c  being  the 


Fig.  408. 

specific  heat  of  lead,  and  the  mechanical  equivalent  J  is  equal  to  the  quotient 
——J.    A  series  of  six  experiments  gave  1,394  for  the  mechanical  equivalent 

as  thus  obtained. 

The  following  is  the  method  which  Mayer  employed  in  calculating  the 
mechanical  equivalent  of  heat.  It  is  taken,  with  slight  modifications,  froo 
Prof.  Tyndairs  work  on  Nea/y  who,  while  strictly  following  Mayer's  reason- 
ing, has  corrected  his  data. 

Let  us  suppose  that  a  rectangular  vessel  with  a  section  of  a  square  foot 
contains  at  o*'  a  cubic  foot  of  air  under  the  ordinary  atmospheric  pressuit ; 
and  let  us  suppose  that  it  is  enclosed  by  a  piston  without  weight 

Suppose  now  that  the  cubic  foot  of  air  is  heated  until  its  \'olumc  is 
doubled  ;  from  the  coefficient  of  expansion  of  air  we  know  that  this  is  the 
case  at  273°  C.  The  gas  in  doubling  its  volume  will  have  raised  the  piston 
through  a  foot  in  height ;  it  will  have  lifted  the  atmospheric  pressure  ihrougli 
this  distance.  But  the  atmospheric  pressure  on  a  square  foot  is  in  rouno 
numbers  15  x  144-2,160  pounds.  Hence  a  cubic  foot  of  air  in  doubling  >^ 
volume,  has  lifted  a  weight  of  2,160  pounds  through  a  height  of  a  foot 

Now,  a  cubic  foot  of  air  at  zero  weighs  1*29  ounce,  and  the  specific  heat 
of  air  under  constant  pressure— that  is,  when  it  can  expand  freely— as  cocn- 
pared  with  that  of  an  equal  weight  of  water,  is  024  ;  so  that  the  quantit)'W 
heat  which  will  raise  1*29  ounce  of  air  through  273^  will  only  raise  0*24  x  ^"^ 
-0-3 1  oz.  of  water  through  the  same  temperature  ;  but  0-31  oz.  of  water  raised 
through  273°  is  equal  to  529  pounds  of  water  raised  through  1°  C. 

That  is,  the  quantity  of  heat  which  will  double  the  volume  of  a  cubic fo<>^ 
of  air,  and  in  so  doing  will  lift  2,160  pounds  through  a  height  of  a  foot,  i* 
5-29  thermal  units. 

Now,  in  the  above  case  the  gas  has  been  heated  under  constant  pressure, 
that  is,  when  it  could  expand  freely.  If,  however,  it  had  been  heated  under 
constant  volume,  its  specific  heat  would  have  been  less  in  the  ratio  i  :l'A^ 
(460),  so  that   the  quantity  of  heat  required  under  these   circumstances  t» 

raise  the  temperature  of  a  cubic  foot  of  air   would   be  5*29  x  -—  -374» 
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\  from  519,  the  difference  i'55  represents  the  weight  of  water 

ba%'e  been  raised  1°  C.   by  the  ejccess  of  heat  imparted  to  the 

^it  could  expand  freely.     But  this  excess  has  been  consumed  in  the 

rising  2^160  pounds  through  a  foot.     Dividing  this  by  1*35  we  have 

lence  the  heat  which  will  raise  a  pound  of  water  through  i"^  C.  will 

tight  of  i»393  pounds  through  a  height  of  a  foot  ;  a  numerical  value 

[lical  equivalent  of  heat  agreeing  as  closely  as  can  be  expected 

which  Joule   adopted   as   the  most  certain  of  his  experimental 

r  of  the  relation  of  heat  to  mechanical  energy  may  be  thus  stated  : — 
hanicai  energy  are  mutuary  convertible  ;  and  heat  requires /09 
J  emd  produces  by  its  disappearance,  mechanical  energy  in  the 
^foat'paunds  for  cL'ery  thermal  unit, 

of  escperiinents  may  in  like  manner  be  adduced  to  show  that 
'hcjit  disappears  work  is  produced.  For  example,  if  in  a  reser\*oir 
I  tQ  i»*3itcr  the  air  be  compressed  to  the  extent  of  10  atmospheres  : 
f  tlisit  now,  when  the  compressed  air  has  acquired  the  temperature 
,  it  be  allowed  to  act  upon  a  piston  loaded  by  a  weight,  the 
At  the  same  time  the  water  becomes  cooler,  showing  that 
tstity  of  heat  had  disappeared  in  producing  tJte  mechanical 
the  weight  This  may  also  be  illustrated  by  the  following 
De  to  Prof.  Tyndall : — 
\  metal  box  is  taken,  provided  with  a  stopcock,  on  which  can  l^e 
\  smat)  condensing  pump.  Having  compressed  the  air  by  its  means 
\  healed  by  this  process,  the  box  is  allowed  to  stand  for  some 
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llun  ifccqaircd  the  temperature  of  the  surrounding  medium.     '  ^n 
itopoock,  the  air  rushes  out  :  it  is  expelled  by  the  expansive 
*  ittlenul  air  ;  in  short,  the  air  drives  itself  out.     Work  is  there- 
i  by  the  air*  and  there  should  be  a  disappearance  of  heat ;  and 
t  of  «Sf  be  allowed  to  strike  against  the  thcnnopilc,  the  galvano- 
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meter  is  deflected,  and  the  direction  of  its  deflection  indicates  a  cool 
{fig.  409).    The  same  effect  is  observed  when,  on  opening  a  bottle  of  « 
water,  the  carbonic  gas  which  escapes  is  allowed  to  impinge  against 
thermopile. 

If,  on  the  contrary,  the  experiment  is  made  with  an  ordinary  pai: 
bellows,  and  the  current  of  air  is  allowed  to  strike  against  the  pile, 
deflection  of  the  galvanometer  is  in  the  opposite  direction,  indicating 
increase  of  temperature  (fig.  410).  In  this  case  the  hand  of  the  experiroei 
performs  the  work,  which  is  converted  into  heat. 

Joule  placed  in  a  calorimeter  two  equal  copper  reservoirs,  which  co 
be  connected  by  a  tube.  One  of  these  contained  air  at  22  atmospheres, 
other  was  exhausted.  When  they  were  connected,  they  came  into  e< 
librium  imder  a  pressure  of  1 1  atmospheres ;  but  as  the  gas  in  expand 
had  done  no  work,  there  was  no  alteration  in  temperature.    When,  howe 


Fig,  410. 

the  second  reservoir  was  full  of  water,  the  air  in  entering  was  obliged 
expel  it  and  thus  perform  work,  and  the  temperature  sank,  owing  to 
absorption  of  heat. 

For  further  information  the  student  of  this  subject  is  referred  to  ti 
following  works  : — Tyndall  on  Heat  as  a  Mode  of  Motion^  Maxwell  on  //<» 
Wormell's  Thermodynamics  (Longmans),  and  Tait  on  Thermodynami 
(Edmonston  and  Douglas).  A  condensed,  though  complete  and  systcxnat 
account  of  the  dynamical  theory  of  heat  is  met  with  in  Professor  Foster 
articles  on  *  Heat,*  in  Watt's  Dictionary  of  Chemistry. 

498.  BisslpatloB  of  enernr. — Rankine  has  the  following  interestifl 
observations  on  a  remarkable  consequence  of  the  mutual  convertibilit)*  whK 
has  been  shown  to  exist  between  heat  and  other  forms  of  energ>' :— Sir  V 
Thomson  has  pointed  out  the  fact  that  there  exists,  at  least  in  the  presfl 
state  of  the  known  world,  a  predominating  tendency  to  the  conversion  of  J 
the  other  forms  of  physical  energy'  into  heat,  and  to  the  uniform  diflfusioo* 
heat  throughout  all  matter.  The  form  in  which  we  generally  find  cnefj 
originally  collected  is  that  of  a  store  of  chemical  power  consisting  of  uncoc 
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bined  elements.    The  combination  of  these  elements  produces  energy  in  the 
€Dnn  known  by  the  name  of  electrical  currents,  part  only  of  which  can  be 
employed  in  analysing  chemical  compounds,  and  thus  reconverted  into  a 
store  of  chemical  power ;  the  remainder  is  necessarily  converted  into  heat ; 
a  part  only  of  this  heat  can  be  employed  in  analysing  compounds  or  in  re- 
producing electric  currents.     If  the  remainder  of  the  heat  be  employed  in 
eipanding  an  elastic  substance,  it  may  be  converted  entirely  into  visible 
motion,  or  into  a  store  of  visible  mechanical  power  (by  raising  weights,  for 
oample),  provided  the  elastic  substance  is  enabled  to  expand  until  its 
temperature  faUs  to  the  point  which  corresponds  to  the  absolute  privation 
of  beat ;  but  unless  this  condition  is  fulfilled,  a  certain  proportion  only  of 
the  heat,  depending  on  the  range  of  temperature  through  which  the  elastic 
body  works,  can  be  converted,  the  rest  remaining  in  the  state  of  heat.    On 
the  other  hand,  all  visible  motion  is  of  necessity  ultimately  converted  into 
heat  by  the  agency  of  friction.    There  is,  then,  in  the  present  state  of  the 
Uovn  world,  a  tendency  towards  the  conversion  of  all  physical  energy  into 
the  sole  form  of  heat. 

Heat,  moreover,  tends  to  diffuse  itself  uniformly  by  conduction  and  radia- 
(OD,  until  all  matter  shall  have  acquired  the  same  temperature.  There  is, 
'ODsequently,  so  far  as  we  understand  the  present  condition  of  the  universe, 
■  tendency  towards  a  state  in  which  all  physical  energy  will  be  in  the  state  of 
'tauand  that  heat  so  diffused  that  all  matter  will  be  at  the  same  temperature  ; 
^^  that  there  will  be  an  end  of  all  physical  phenomena. 

Vast  as  this  speculation  may  seem,  it  appears  to  be  soundly  based  on 
■^perimental  data,  and  to  truly  represent  the  present  condition  of  the  uni- 
^tTH  as  far  as  we  know  it. 
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ON   LIGHT. 

CHAPTER   I. 
TRANSMISSION,  VELOCITY,  AND   INTENSITY  OF  LIGHT. 

499.  Theories  of  Uffbt. — Light  is  the  agent  which,  by  its  action  on  the 
retina,  excites  in  us  the  sensation  of  vision.  That  part  of  physics  which  deals 
with  die  properties  of  light  is  known  as  optics. 

In  order  to  explain  the  origin  of  light,  various  hypotheses  have  been  made, 
the  most  important  of  which  are  the  emission  or  corpuscular  theory,  and  the 
undulcUory  theory. 

On  the  emission  theory  it  is  assumed  that  luminous  bodies  emit,  in  afl 
directions,  an  imponderable  substance,  which  consists  of  molecules  of  an 
extreme  degree  of  tenuity  :  these  are  propagated  in  right  lines  with  an  almost 
infinite  velocity.  Penetrating  into  the  eye  they  act  on  the  retina,  and  deter- 
mine the  sensation  which  constitutes  vision. 

On  the  undulatory  theory,  all  bodies,  as  well  as  the  celestial  spaces,  arc 
filled  by  an  extremely  subtle  elastic  medium,  which  is  called  the  iumimfertms 
ether.    The  luminosity  of  a  body  is  due  to  an  infinitely  rapid  vibratory  motion 
of  its  molecules,  which,  when  communicated  to  the  ether,  is  propagated  in  aD    ^ 
directions  in  the  form  of  spherical  waves,  and  this  vibratory  motion,  bdng    ^ 
thus  transmitted  to  the  retina,  calls  forth  the  sensation  of  vision.    The    j 
vibrations  of  the  ether  take  place  not  in  the  direction  of  the  wa\*e,  but  in  a 
plane  at  right  angles  to  it.     The  latter  are  called  the  transversal  \\hTzWi^ 
An  idea  of  these  may  be  formed  by  shaking  a  rope  at  one  end.    The  vibia-    .' 
tions,  or  to  and  fro  movements,  of  the  particles  of  the  rope,  are  at  righ*    [ 
angles  to  the  length  of  the  rope,  but  the  onward  motion  of  the  wave's  fonn 
is  in  the  direction  of  the  length. 

On  the  emission  theory  the  propagation  of  light  is  effected  by  a  motion 
or  translation  of  particles  of  light  thrown  out  from  the  luminous  body,  as  a 
bullet  is  discharged  from  a  gun  ;  on  the  undulatory  theor>'  there  is  no  pro- 
gressive motion  of  the  particles  themselves,  but  only  of  the  state  of  disturb* 
ance  which  was  communicated  by  the  luminous  body  ;  it  is  a  motion  d 
oscillation,  and,  like  the  propagation  of  waves  in  water,  takes  place  by  a  series 
of  vibrations. 

The   luminiferous  ether  penetrates  all   bodies,  but  on   account  of  its    \ 
extreme  tenuity  it  is  uninfluenced  by  gravitation  ;  it  occupies  space,  and 
although  it  presents  no  appreciable  resistance  to  the  motion  of  the  densff 
bodies,  it  is  possible  that  it  hinders  the  motion  of  the  smaller  comets.   It  has 
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htm  found*  for  example^  thsit  Encke^s  comet,  whose  period  of  revolution  is 
4bdut  3l  years*  has  its  period  diminished  by  about  o*ii  of  a  day  at  each 
•occcssive  roiaiion,  and  this  diminution  is  ascribed  by  some  to  the  resistance 
of  the  ether. 

The  fundamental  principles  of  the  undulatory  theory  were  enunciated  by 
Haygbcns,  and  subsctjuently  by  Eulcr.  The  emission  theory,  principally 
minf  to  Ncwton^s  powerful  support,  was  for  long  the  prevalent  scientific 
creed.  The  undulatory  theor>'  was  adopted  and  advocated  by  Young,  who 
ihcfwed  how  a  lar^^je  number  of  optical  phenomena,  particularly  those  of 
dii!nction^  were  to  be  explained  by  that  theory.  Subsequently  too»  though 
ifidcpendently  of  Young,  Fresnel  showed  that  the  phenomena  of  diffraction, 
lad  aUo  thai  of  polarisation,  are  explicable  on  the  same  theor)\  which,  since 
hij  time,  has  been  generally  accepted. 

The  undulatory  theory  not  only  explains  the  phenomena  of  light,  but  it 
m-eals  an  intimate  connection  between  the^e  phenomena  and  those  of  heat 
4291 ;  it  sliows,  also,  how  completely  analogous  the  phenomena  of  light  are 
B»llio<ie  of  sound,  regard  being  had  to  the  differences  of  the  media  in  which 
tWic  two  classes  of  phenomena  take  place. 

50GL  ftamSaoiiBi  transparent,  tnuiBliiocnt,  and  opaque  bodies. — Lumi- 
iKllxM^es  are  those  which  emit  light,  such  as  the  sim,  and  ignited  bodies. 
Trmms^^areni  or  diaphanous  bodies  are  those  which  readily  transmit  light, 
tferotigh  which  objects  can  be  distinguished  :  water,  gases,  polished  glass 
this  kind.  Translucent  bodies  transmit  light,  but  objects  cannot  be 
isbcd  through  them  \  ground  glass,  oiled  paper,  &c,  belong  to  this 
Opaque  bodies  do  not  transmit  light  ;  for  example,  wood,  metals,  &c. 
bodies  aft  quite  opaque  ;  they  are  all  more  or  less  translucent  when  cut 
b  mffidently  thin  leaves. 

FoocaoH   showed  that  when  the  object-glass  c»f  a  telescope  is  thinly 
Ujc  layer  is  so  transparent  that  the  sun  can  be  \  iewed  through  it 
^mtg^  to  the  eyes,  since  the  metallic  surface  reflects  the  greater 
fiff1*eb*at  «nd  light. 

r         '  '«  ray  and  poncll— A  tuminous  rtty  is  the  direction  of  the 

fi^  '^  propag.iled  ;  a  lutninous  pent  it  is  a  collection  of  rays 

thm  tJif  ;  it  is  said  to  be  parntitl  ^hen  it  is  composed  of 

f^taBat  r  '  when  the  rays  separate  fn>tn  each  other,  and  con- 

"^m^gmi  when  they  tend  towards  the  same  point.    Every  luminous  body  emits 
ergeot  rettilinear  rays  from  all  its  points,  and  in  all  directions. 
joa.  >r#pagatlon  of  llflif  la  a  tiomoceoeons  medlom. — A  medium  is 
dice  or  substance  which  light  can  traverse,  such  as  a  vacuum,  air,  water, 
ftc     A  roedium  is  sajd  to  be  homogeneous  when  its  chemical  compo- 
and  density  are  the  same  in  all  parts. 
im  n*€fy  Jkomigeneous  medium  light  is  propagated  in  a  right  tine,     for, 
|ii«  body  b  placed  in  the   right   line  which  joins  the  eye  and  the 
body,  tt**^  ligl^t  *s  intercepted.     The  light  which  passes  into  a  dark 
b^a  uDall  aperture  leaves  a  luminous  trace,  which  is  visible  from  the 
lyttog  on  tbe  particles  of  dust  suspended  in  the  atmosphere. 
L%)lt  changes  its  direction  on  meeting  an  object  which  it  cannot  pene* 
or  whe«  It  passes  frr»m  one  medium  to  another.     These  phenomena 
%il  ht  dacHbed  itoder  the  heads  re/tection  and  refraction. 
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aperture*  But  the  union  ot  all  these  partial  images  produces  a  totaJ  imagi 
oif  the  same  form  as  the  luminous  object-  For  if  we  conceive  that  an  mfiaill 
straight  line  moves  round  the  aperture,  with  the  condition  that  it  is  alway!| 

L tangential  to  the  luminous  object  AB,  and  that  the  aperture  is  very  small,  thl 
aight  Une  describes  two  cones,  the  apex  of  which  is  the  aperture,  while  oi|l 

Pof  the  bases  is  the  luminous  object  and  the  other  the  luminous  object  od 
the  screen — that  is,  the  image.  Hence,  if  the  screen  is  perpendicular  to  thi 
right  tine  joining  the  centre  of  the  aperture  and  the  centre  of  the  luminotdj 
body,  the  image  is  similar  to  the  body  \  but  if  the  screen  is  oblique;  tiic| 
image  is  elongated  in  the  direction  of  its  obliquity.  This  is  what  is  seen  ifll 
the  shadow  produced  by  foliage  ;  the  luminous  rays  passing  through  the  leavd 
produce  images  of  the  sun,  which  are  either  round  or  elliptical,  according  ai 
the  ground  is  perpendicular  or  oblique  to  the  solar  rays  ;  and  this  is  the 
case  whatever  be  the  shaj>e  of  the  aperture  through  which  the  light  passes 

505.  Veloelty  ©f  Uylit,— Light  moves  with  such  a  velocity  that  at  tbt 
surface  of  the  earth  there  is,  to  ordinary  obser\'ation,  no  appreciable  interal 
between  the  occurrence  of  any  luminous  phenomenon  and  its  perception  bf 
the  eye.  And,  accordingly,  this  velocity  was  first  detennmed  by  means  d 
astronomical  observations.  Romer,  a  Danish  astronomer,  in  1675,  fill 
deduced  the  velocity  of  hght  from  an  observation  of  the  eclipses  of  J  upitcr^ 
first  satelhte. 

Jupiter  is  a  planet,  round  whidi  four  satellites  revolve*  as  the  moen 
does  round  the  earth.    This  fust  satellite,  E  (fig*  415),  suSers  occultatioB- 


that  is,  passes  into  Jupiter^s  shadow— -at  equal  intcrva!?  of  tirttf ,  whif^ 

42h.  28m.  36s,     While  the  earth  moves  in  that  part 

Jupiter,   its  distance  from  that  planet  does  not  \\\, 

intervals  between  two  successive  occultations  of  the  satellite  are  . 

the  same ;  but,  in  proportion  as  the  earth  moves  away   \\\ 

round  the  sun,  S,  the  intenal  between  two  occultations  iri 

at  the  end  of  six  months,  the  earth  has  passed  from  tht 

position  T',  a  total  retardation  of  i6m.  36s.  is  ohscr\'cd  b' 

which  the  phenomenon  is  seen  and  that  at  which  it  is 

place.     But  when  the  earth  was  in  the  position  T,  the  s'. 

from  the  satellite  E  had  to  traverse  the  distance  ET,  white  m  un    ^:    - 

position  the  light  had  to  traverse  the  distance  ET'.     This  distance  ci<^ 

the  first  by  the  quantity  TT',  for.  from  the  great  distance  of  tlie  mldUtc  IL 

the  rays   ET  and  ET'  may  be  considered  parallel*     ConseqoeoUf,  ^^ 

requires  16m.  36s,  to  travel  the  diameter  TT'of  the  terrestrial  oriut,  or  t«i6K 
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llie  dtsimnce  of  the  eanh  from  the  sun,  whtch  gives  for  its  velocity  190,000 
miles  in  a  second. 

The  «iars  nearest  the  earth  are  separated  from  it  by  at  least  206,265 
tones  the  distance  of  the  sun.  Consequently^  the  light  which  they  send 
reqatrcs  more  than  5  years  to  reach  us.  Those  stars,  which  are  only  visible 
bf  means  of  the  telescope,  are  possibly  at  such  a  distance  that  thousands 
of  yemrs  would  be  required  for  their  light  to  reach  our  planetary  system. 
Tliey  mt^ht  have  been  exting^uished  for  ages  without  our  knowing  it, 

506.  Ptttteaiilt's  «i^i»ftratitB  for  detanaliiliig-  the  velocitjr  of  lltlit. — 
N'otvitltstaiidtiig  the  prod i^nous  velocity  of  li^^ht,  Foucault  has  succeeded  in 
^eCcnntoKot;  it  experimentally  by  the  aid  of  an  ingenious  apparatus,  based 
it  file  «*e  of  the  rotating  mirror,  which  was  adopted  by  Wheatstonc  in 
(oeiKtri  v  of  electricity. 

In  :  ,  of  this  apparatus,  a  knowledge  of  the  principal  pro- 

ytnies  o^  ftntiois  and  of  tenses  is  presupposed.  Fig.  416  represents  the 
lUef  pvts  of  Foucaull's  arrangement.  The  window  shutter,  K,  of  a  dark 
duaber  b  perforated  by  a  square  aperture,  behind  which  the  platinum 
tipt#  b  firetched  vertically.  Abeam  of  sunlight  reflected  from  the  out- 
iie  opon  a  mirror  enters  the  dark  room  by  the  square  aperture,  meets  the 
\  irire,  and  then  traverses  an  achromatic  lens,  L,  with  a  long  focus, 
1  St  s  distance  from  the  platinum  wire  less  than  double  the  principal 
liUsHiice.  The  image  of  the  platinum  wire,  more  or  less  magnified, 
tlms  be  formed  on  the  axis  of  the  lens  ;  but  the  luminous  pencil, 
\  traversed  the  lens,  impinges  on  a  plane  mirror,  w,  rotating  with  great 
it  is  reflected  from  this,  and  forms  in  space  an  image  of  the 
\  wire,  which  is  displaced  with  an  angular  velocity  double  that  of  the 
r  (530X     This  image  is  reflected  by  a  concave  mirror,  M,  whose  centre 


FiS'  ofi.  Fig.  417. 

•  comcidcs  with  the  axis  of  rotation  of  the  mirror  w,  and  with  its 
•  of  ISfttre.  The  pencil  reflected  from  the  mirror  M  returns  upon  itself, 
ia  fvAected  from  the  mirror  m^  traverses  the  lens  a  second  time,  and 
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ibrms  an  image  of  the  platinum  wire,  which  appears  on  the  wire  itself  sq 
long  as  the  mirror  m  turns  slowly. 

In  order  to  see  this  image  without  hiding  the  pencil  of  light  which  enter-^ 
by  the  aperture  in  K,  a  mirror  of  unsilvered  glass,  V,  with  parallel  faces,  its 
placed  between  the  lens  and  the  wire,  and  is  inclined  so  that  the  reflcctfet/ 
rays  fall  upon  a  powerful  eyepiece  P. 

The  apparatus  being  arranged,  if  the  mirror  m  is  at  rest,  the  ray  after 
meeting  M  is  reflected  to  //r,  and  from  thence  returns  along  its  former  patft, 
till  it  meets  the  glass  plate  V  in  a,  and  being  partially  reflected,  forms  at/- 
the  distance  ad  being  equal  to  ao—?Ln  image  of  the  wire,  which  thcc)-cis 
enabled  to  observe  by  means  of  the  eyepiece,  P.  If  the  mirror,  instead  of 
being  fixed,  is  moving  slowly  round— its  axis  being  at  right  angles  to  the 
plane  of  the  paper — there  will  be  no  sensible  change  in  the  position  of  the 
mirror  m  during  the  brief  interval  elapsing  while  light  travels  from  iw  to  M 
and  back  again,  but  the  image  will  alternately  disappear  and  reappear.  If 
now  the  velocity  of  M  is  increased  to  upwards  of  30  turns  per  second,  the 
interval  between  the  disappearance  and  reappearance  is  so  short  that  the 
impression  on  the  eye  is  persistent,  and  the  image  appears  perfectly  steady. 

Lastly,  if  the  mirror  turns  with  sufficient  velocity,  there  is  no  appreciable 
change  in  its  position  during  the  time  which  the  light  takes  in  making  tbe 
double  journey  from  m  to  M,  and  from  M  to  m  ;  the  return  ray,  after  its 
reflection  from  the  mirror  //i,  takes  the  direction  mb^  and  forms  its  inttg* 
at  /  ;  that  is,  the  image  has  undergone  a  total  deviation  di.  Speaking  pre* 
cisely,  there  is  a  deviation  as  soon  as  the  mirror  turns,  even  slowly ;  but  it  is 
only  appreciable  when  it  has  acquired  a  certain  magnitude,  which  is  the  case 
when  the  velocity  of  rotation  is  sufficiently  rapid,  or  the  distance  Mm  suffi- 
ciently great,  for  the  deviation  necessarily  increases  >**ith  the  time  which  the 
light  takes  in  returning  on  its  own  path. 

In  Foucault's  experiment  the  distance  M//f  was  only  13J  feet ;  when  the 
mirror  rotated  with  a  velocity  of  600  to  800  turns  in  a  second,  deviations  of 
I'o  ^"  10  of  a  millimetre  were  obtained. 

Taking  Mw-/,  L»f-/',  ^L-r,  and  representing  by  n  the  number  o' 
turns  in  a  second,  by  h  the  absolute  deviation  di^  and  by  V  the  velocity  of 
light,  Foucault  arrived  at  the  formula 

from  which  the  velocity  of  light  is  calculated  at  185,157  miles  in  a  second; 
this  number,  which  is  less  than  that  ordinarily  assumed,  agrees  remarkably 
well  with  the  value  deduced  from  the  new  determinations  of  the  value  of  the 
solar  parallax. 

.  The  mechanism  by  which  the  mirror  was  turned  consisted  of  a  sfltfH 
steam  turbine,  bearing  a  sort  of  resemblance  to  the  syren,  and,  like  thit 
instrument,  giving  a  higher  soimd  as  the  rotation  is  more  ra^pid :  in  bet,  it 
is  by  the  pitch  of  the  note  that  the  velocity  of  the  rotation  is  dettrminei 

In  this  apparatus  liquids  can  be  experimented  upon.  For  that  parpos^ 
a  lube,  AH,  10  feet  long,  and  filled  with  distilled  water,  is  placed  between  th* 
turning  mirror  m,  and  a  concave  mirror  M',  identical  with  the  mirror  IL 
The  luminous  rays  reflected  by  the  rotating  mirror,  in  the  directkw  mU\ 
traverse  the  column  of  water  AB  twice  before  returning  to  V.   But  the  ittart 
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1  becomes  reflected  at  r,  and  forms  its  image  at  h  :  the  deviation  is 
ently  greater  for  rays  which  have  traversed  water  than  for  those 
ave  passed  through  air  alone  ;  hence  the  velocity  of  light  is  less  in 
an  in  air. 

is  the  most  important  part  of  these  experiments.  For  it  had  been 
heoretically  that  on  the  undulatory  theory  the  velocity  of  light  must 
n  the  more  highly  refracting  medium  (638),  while  the  opposite  is  a 
-y  consequence  of  the  emission  theory.  Hence  Foucault's  result  may 
ded  as  a  crucial  test  of  the  validity  of  the  undulatory  theory. 
BxperiiiiABts  of  Vlseaa. — In  1849  Fizeau  measured  directly  the 
of  light,  by  ascertaining  the  time  it  took  to  travel  from  Suresnes  to 
irtre  and  back  again.  The  apparatus  employed  was  a  toothed  wheel, 
of  being  turned  more  or  less  quickly,  and  with  a  velocity  that  could 
tly  ascertained.  The  teeth  were  made  of  precisely  the  same  width 
nervals  between  them.  The  apparatus  being  placed  at  Suresnes,  a 
f  parallel  rays  was  transmitted  through  an  interval  between  two 
a  mirror  placed  at  Montmartre.  The  pencil,  directed  by  a  properly 
1  system  of  tubes  and  lenses,  returned  to  the  wheel.  As  long  as  the 
IS  was  at  rest  the  pencil  returned  exactly  through  the  same  interval 
through  which  it  first  set  out.  But  when  the  wheel  was  turned 
tly  fast,  a  tooth  was  made  to  lake  the  place  of  an  inter\'aK  and  the 
intercepted.  By  causing  the  wheel  to  turn  more  rapidly,  it  re- 
i  when  the  inler\'al  between  the  next  two  teeth  had  taken  the  place 
rmer  tooth  at  the  instant  of  the  return  of  the  pencil, 
distance  between  the  two  stations  was  28,334  feet.  By  means  of  the 
nished  by  this  distance,  by  the  dimensions  of  the  wheel,  its  velocity 
ion,  &c.,  Fizeau  found  the  velocity  of  li^ht  to  be  196,000  miles  per 
-a  result  agreeing  with  that  given  by  astronomical  observation  as 
is  can  be  expected  in  a  determination  of  this  kind. 
lu  recently  investigated  the  velocity  of  light  by  Fizeau's  method, 
improvements  so  that  the  probable  error  did  not  exceed  , '„  of  the  total 
;  the  two  stations,  which  were  6*4  miles  apart,  were  a  pavilion  of 
Ic  I'olytechnique  and  a  room  in  the  barracks  of  Mont  \'aldrien.  By 
>f  electromagnetic  .irrangements  the  rotation  of  the  toothed  disc, 
times  of  obscuration  and  illumination,  were  registered  on  a  blackened 
,  on  the  principle  of  the  method  descrilx?d  in  (245).  Cornu  thus 
1  the  number  185,420  miles  a  result  closely  agreeing  with  that 
aull,  and  which  is  supported  by  calculations  based  on  the  results  of 
nical  observations  of  the  transit  of  Venus  in  1874.  Michclson  made 
fitnation  of  the  velocity  of  light  by  Foucault's  methml,  by  which  he 
1  the  result  186,380,  with  a  possible  error  of  33  miles. 
&aws  of  the  intonslty  of  Urht.  The  intensity  of  illumination  is 
itily  of  light  received  on  the  unit  of  surface  ;  it  is  subject  to  the 
g  laws  : — 

he  intensity  of  illumination  on  a  given  surface  is  inversely  as  the 
^fits  distance  from  the  source  of  light. 

The  intensity  of  illumination  iL'hich  is  received  obliquely  is propor- 
0  the  cosine  of  the  angle  ichich  the  luminous  rays  make  with  the 
to  the  illuminated  surface. 


In  order  to  demonstrate  the  first  law,  let  there  be  two  ctrctdi 
CD  and  AB  (fig.  418),  one  placed  at  a  certain  distance  from  a 

light,  L,  and  tl 
double  this  distan 
let  s  and  S  be  thf 
of  the  two  screi 
It  be  the  total  qn 
light  which  is  eK 
the  source  in  tlM 
tion  of  the  coH 
the  intensity  of  1 
on  the  screen  G 
is,    the    quantity 


falls  on  the  unit  of  surface- 


-is  -,  and  the  intensity  on  the  screen  , 
s 


Now  as  the  triangles  ALB  and  CLD  are  similar,  the  diameter  \ 
double  that  of  CD  ;  and  as  the  surfaces  of  circles  are  as  the  squares^ 

diameters,  the  surface  S  is  four  times  s^  consequently  the  intensity* 

fourth  that  of?. 

s 

The  same  law  may  also  be  demonstrated  by  an  eAperinicni 
aratus  represented  in  fig.  420.     It  is  made  by  comparing  the  shade 
bpaque  rod  cast  upon  a  glass  plate,  in  one  case  by  the  light  of  a  single 
and  in  another  by  that  of  a  lamp  equalling  four  candles,  placed  at  do 
distance  of  the  first.     In  both  cases  the  shadows  have  the  same  into 
Fig.  418  shows  that  it  is  owing  to  the  divergence  of  the  lumind 
emitted  from  the  same  source  that  the  intensity  of  light  is  inver 
square  of  the  distance.     The  illumination  of  a  surface  placed  in  a  I 
parallel  luminous  rays  is  the  same  at  all  distances  in  a  vacuum  ;  in! 
in  other  transparent  media  the  intensity  of  light  decreases,  in  con 
of  absorption,  more  rapidly  than  the  square  of  the  distance. 

The  second  law  of  intensity  corresponds  to  the  law  which  wc  1 
to  prevail  for  heat :  it  may  be  theoretically  deduced  as  follows  r*-| 
EB  (fig.  419)  be  a  pencil  of  parallel  rays  falling  obliquely  on  a  1 

and  let  om  be  the 
surface.     If  S  is  the  1 
pencil,  a  the  total  qu 
which  falls  on  the 
I  that  which  falls 
surface— that   is,  the 

ilUimination— wc  have  I»i 

''^  ♦'«*  as  S  is  only  the  proji 

on  a  plane  perpendicular  to  the  pencil,  we  know  from  trig 


S-AB  cos  a,  from  which  AB  « 


This  value  substitntedl 


equation,  gives  1*^  cos  a;  a  formula  which  demonstrates  the  la 
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Mne,  Ibr    as    11   snd    S  arc  constant   quantities^    I    is  proportional    to 

CDt«. 

The  law  of  the  cosine  applies  also  to  rays  emitted  obliquely  by  a  luminous 
mlitce  ;  that  is^  the  rays  are  less  intense  in  proportion  as  they  are  more 
iaelincd  to  the  surface  which  emits  them.  In  this  respect  they  correspond 
to  Ibe  Uiird  law  of  the  intensity  of  radiant  heat- 

5091  jKiotoiBeten.— A  photometer  is  an  apparatus  for  measuring  the 
Itlilive  iniensities  of  different  sources  of  light, 

UMm^fifif^s  photometer. — This  consists  of  a  ground  glass  screen,  in  front 
flf  wUch  is  fixed  an  opaque  rod  (tig.  420) ;  the  lights  to  be  compared — for 
,  %  lamp  and  a  candle — are  placed  at  a  certain  distance  in  such  a 
'  that  each  projects  on  the  screen  a  shadow  of  the  rod.  The  shadows 
tlmi  projected  are  at  first  of  unequal  intensity,  but  by  altering  the  position 
«f  the  tamp,  it  may  be  so  placed  that  the  intensity  of  the  two  shadows  is  the 
Then,  since  the  shadow  thrown  by  the  lamp  is  illuminated  by  the 
^aad  that  thrown  by  the  candle  is  illuminated  by  the  lamp,  the  illu- 
i  of  tlic  screen  due  to  each  light  is  the  same.    The  intensities  of  the 


I  J%itf»»ikat  ts,  the  illuminations  which  they  would  give  at  equal  dis* 
ihcn  directly  proportional  to  the  squares  of  their  distances  from 
ido^m ;  tJtai  is  to  say,  if  the  lamp  is  three  times  the  distance  of  the 
^  tu  iHjUminating  power  is  nine  times  as  great. 
For  if  /  and  /'  are  the  intensities  of  the  lamp  and  the  candle  at  the  unit 
,  and  d  and  ^  their  distances  from  the  shadows,  it  follows,  from 
kiir  of  the  mtensity  of  light,  that  the  intensity  of  the  lamp  ar  the 

idtM  '   and  that  of  the  candle  -   at  the  distance  d'*     On  the  screen 
d*  if* 

Entens Hies  are  equal ;  hence  -ri  *■  i.  or  -  •    -^t  which  was  to  be 

d^    d^       f    d^ 

/.'       '-L  /  r.— When  a  grease-spot  is  made  on  a  piece  of  bi!)u* 

:         :^fipcar5  translucent.     If  the  paper  be  illuminated  by  a 

at,  she  spot  appears  darker  than  the  surrounding  space ; 

. ,  if  be  illuminated  from  behind^  the  spot  appears  light  on 

If  the  greased  part  and  the  rest  appear  unchanged,  the 
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intensity  of  ilium  in  avion  on  both  sides  is  the  same.     Bunsen^s  pboComMr 
depends  on  an  application  of  this  principle.     Its  essential  features  arc  rtpre- 


/< 


Fig.  4SI. 

scntcd  in  fig,  421.     A  circular  spot  is  made  on  a  paper  screen  b>  f| 

solution  of  spermaceti  in  naphtha  :  on  one  side  of  this  is  placed 
certain  intensity,  which  serves  as  a  standard ;   in  London  it  is  a  spfm 
candle  of  six  to  the  pound,  and  burning  120  grains  in  an  houn     The  ligbtta. 
be  tested,  a  petroleum  lamp  or  a  gas  burner  consuming  a  certain  volume 
gas  in  a  given  lime^  is  then  moved  in  a  right  line  to  such  a  distance  on 
other  side  of  the  screen  that  there  is  no  difference  in  brightness  between 
greased  part  and  the  rest  of  the  screen.     By  measuring  the  distanco 
the  lights  from  the  screen  by  means  of  the  scale,  their  relative  illumi^ 
powers  are  respectively  as  tlie  squares  of  their  distances  from  the  sartfi 

The  difficulty  of  getting   more  carefully  constructed   candles  to  givt » 
light  sufficiently  uniform  for  standard  purposes,  has  led  Harcourt  to 
as  unit  the  tight  formed  by  burning  a  mixture  of  7  volumes  pentane  gas 
20  volumes  of  air,  at  the  rale  of  half  a  cubic  foot  in  an  hour,  in  a 
constructed  burner  so  as  10  produce  a  flame  of  a  definite  height,    Tbif 
been  found  to  answer  well  in  practice. 

By  this  kind  of  determination  the  degree  of  accuracy  which  cia^ 
attained  is  not  so  great  as  in  many  physical  determinations,  more  cspeciiOf 
when  the  lights  to  be  compared  arc  of  different  colours  ;  one,  for  instiBOi 
being  yellow,  and  the  other  of  a  bluish  tint.  It  gives,  however,  results  wW 
are  sufficiently  accurate  for  practical  purposes,  and  is  almost  univc 
employed  for  determining  the  illuminating  power  of  coal  gas  and  of 
artificial  lights. 

IVheatstanes  photometer, — The  principal  part  of  this  tnstntmenl  *•  • 

steel  bead,  P  (fig,  422),  fiitedoatll, 
edge  of  a  disc,  which  rotate)  on  I 
pinion,  ^,  working  tn  a 
tof^ithed  wheel.  The  «heel  fitf  a 
cylindrical  brass  bo;^  which  til 
in  one  hand^  while  the  other  % 
a  handle^  A,  which  turns  a 
axis,  the  motion  of  which  is  i 
mitled  by  a  spoke,  a^  to  the  f 
o.  In  this  way  the  Utter  Ifflrw*  <■ 
itself,  and  at  the  same  time  revolves  round  the  circtimfenmce  c<  the  te» 
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ares  the  double  motion  and  consequently  describes  a  curve  in 
a  rose  (fig.  423). 

:  M  and  N  be  the  two  lights  whose  intensities  are  to  be  corn- 
photometer  is  placed  between  them  and  rapidly  rotated.  The 
nts  produced  by  the  reflection  of  the  light  on  the  two  opposite 
bead  give  rise  to  two  luminous  bands,  arranged  as  represented 
If  one  of  them  is  more  brilliant  than  the  other — that  which  pro- 
the  light  M,  for  instance — the  instrument  is  brought  nearer  the 
mtil  the  two  bands  exhibit  the  same  brightness.  The  distance 
xneter  from  each  of  the  two  lights  being  then  measured,  their 
ire  proportional  to  the  squares  of  the  distances. 
taittv*  tofattl—  vi'wmxUnm  m«mm  cf  llsltt.— The  light  of  the 
00  times  as  powerful  as  that  of  the  moon  ;  and  16,000^000^000 
irerful  as  that  of  a  Centauri^  the  third  in  brightness  of  all  the 
moon  is  thus  27,000  times  as  bright  as  this  star ;  the  sun  is  5,500 
ts  as  bright  as  Jupiter,  and  80  billion  times  as  bright  as  Neptune, 
stimated  to  be  670,000  times  that  of  a  wax  candle  at  a  distance 
xording  to  Fizeau  and  Foucault  the  electric  light  produced  by  50 
Us  is  about  \  as  strong  as  sunlight 

itive  luminosities  of  the  following  stars  are  as  compared  with 
Pole  Star  0*13,  Aldebaran  0*30,  Saturn  0*47,  Arcturus  079, 
Sirius  4*291,  Jupiter  8*24,  Venus  38*9. 

snce  in  the  strength  of  light  or  shadow  is  perceived  when  the 
is  {^  of  the  brightness  of  the  other,  and  both  are  near  together^ 
hen  the  shadow  is  moved  about. 
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CHAPTER   ;i. 

REFLECTION    OF    LIGHT.     MIRRORS. 

511.  &aws  of  tHe  refleotton  of  Hrl^t.— When  a  ray  of  Ught  meets  a 
polished  surface,  it  is  reflected  according  to  the  two  following  laws,  whicb, 
as  we  have  seen,  also  hold  for  heat 

I.  The  angle  of  reflection  is  equal  to  the  angle  of  incidence, 

II.  The  incident  and  the  reflected  ray  are  both  in  the  same  pleme^  which 
is  perpendicular  to  the  reflecting  surface. 

The  words  are  here  used  in  the  same  sense  as  in  article  4ii|iiid  need 

no  further  explanation. 

First  proof. — The  two  laws  may  be  demonstrated  by  the  afipaiatus 

represented  in  fig.  424.     It  consists  of  a  graduated  circle  in  a  vertical  pliM. 

Two  brass  slides  move  round  tbt  cir- 
cumference ;  on  one  of  them  there  is 
a  piece  of  ground  glass,  P,  and  on  the 
other  an  opaque  screen,  N,  in  the 
centre  of  which  is  a  small  aperture. 
Fixed  to  the  latter  slide  there  is  also 
a  mirror,  M,  which  can  be  more  or  less 
inclined,  but  always  remains  in  a  plane 
perpendicular  to  the  plane  of  the  gra- 
duated circle.  Lastly,  there  is  a  small 
polished  metallic  mirror,  w,  placed 
horizontally  in  the  centre  of  the  circle. 
In  making  the  experiment,  a  peodl 
of  solar  or  any  suitable  artificial  ligM» 
S,  is  caused  to  fall  on  the  mirror 
M,  which  is  so  inclined  that  the  r^ 
fleeted  light  passes  through  the  aper- 
ture in  N,  and  falls  on  the  centre  ci 
the  mirror,  m.  The  luminous  pencil 
then  experiences  a  second  reflectioa 
in  a  direction  m\\  which  is  ascertained 
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by  moving  P  until  an  image  of  the  aperture  is  found  in  its  centre.  The 
number  of  degrees  comprised  in  the  arc  AN  is  then  read  off,  and  likewise 
that  in  AP  ;  these  being  equal,  it  follows  that  the  angle  of  reflection  .\mf 
is  equal  to  the  angle  of  incidence  AwM. 

The  second  law  follows  from  the  arrangement  of  the  apparatus,  the  plane 
of  the  rays  Mw  and  wP  being  parallel  to  the  plane  of  the  graduated  circle, 
and,  consequently,  perpendicular  to  the  mirror  ///. 


-91SJ  Formatwn  of  hnages  by  Plane  Mirrors,  475 

S^e&md  prorf. — The  law  of  the  rejection  of  light  may  also  be  demon* 
•Hated  by  the  following  experiment,  which  is  susceptible  of  greater  accuracy 
llbtthan  just  described  : — In  the  centre  of  a  graduated  circle,  M  (fig.  425), 
fibced  in  Ji  vertical  position^  there  is  a  small  telescope  movable  in  a  plane 
plilUel  to  the  limb  ;  at  a  suitable  distance  there  is  a  vessel  D  full  of  mercury, 
vbkli  forms  m  perfectly  horizontal  plane  mirror  Some  particular  star  of 
the  fiist  or  second  magnitude  is  viewed  through  the  telescope  in  the  direction 
IE,  and  the  telescope  is  then  inclined  so  as  to  receive  the  ray  AD  coming 
from  the  star  after  being  reflected  from  the  brilliant  surface  of  the  mercury. 


Fig.  49$. 

f  way  the  two  angles  formed  by  the  rays  EA  and  DA,  with  the  hori- 
AH,  are  found  to  be  equal,  from  which  it  may  easily  be  shown  that 
*  of  incidence  E'DE  is  equal  to  the  angle  of  reflection  EDA-     For 
i$  the  normal  to  the  surface  of  the  mercury,  it  is  perpendicular  to  AH^ 
AKD,  ADE  are  the  complements  of  the  equal  angles  EAH,  DAH  ; 
AED,  ADE  arc  equal ;  but  the  two  rays  AE  and  DE'  may  be 
parallel,  in  consequence  of  the  great  distance  of  the  star,  and 
'  -.  EDE'  and  DEA  are  equal,  for  they  are  alternate  angles 
the  angle  E'DE  is  equal  to  the  angle  EDA. 

HEfXECnoN  OF   LIGHT   KKOM   TLANE  SURFACES. 

tmm^mm.—Mirrt^rs  are  bodies  with   polished   surfaces, 
refleciion  objects  presented  to  them.     The  place  at  which 
*  b  their  imagr.    According  to  their  shape,  mirrors  are  divided 
f  €^ncm^^  eottXfex^  sfiktrica/,  paraMic,  amical^  Slc^ 
mwamxinm  or  liiuite«  liy  plsne  narror*. — The  determination  of 
odtiea  and  »ue  uf  images  resolves  itself  into  investigating  the  images 
leri^  of  points.   And  first,  the  case  of  a  single  point,  A,  placed  in  front 
llane  nurror,  MN  (fig.  426},  will  be  coti*iidered.     Any  ray,  AB,  incident 
thtt  poiei  oil  the  mirror  is  reflected  in  the  direction  BO,  making  the 
( frf  r^lectkm  DBO  equal  to  the  angle  of  incidence  DBA. 
H  wom^  a  per|ieiid]Ciit&r,  AN,  be  let  fall  from  the  point  A  on  the  mtrror» 
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and  if  the  ray  OB  be  prolonged  below  the  mirror  until  it  meets  this  perpai*. 

'  dicuiar  in  the  point  a,  two  triangles  arc  formed,  ABN  and  nN<»,  which  nr©' 

I  equal,  for  they  have  the  side  BN  common  to  both,  and  the  angles  ANB, 

ABN,  equal  to  the  angles  uNB,  £jBN  ;  for  the  angles  ANB  and  aNB  are 

right  angles,  and  the  angles  ABN  and  aBN  are  each  equal  to  the  angle 

,  OBM.     From  the  equality  of  these  triangles,  it  follows  that  aN  is  equal  to 

I  AN  ;  that  is,  that  any  ray,  AB,  takes  such  a  direction  after  being  reflected,! 

I  that  its  prolongation  below  the  mirror  cuts  the  perpendicular  A^j  in  the  pmnti 

d,  which  is  at  the  same  distance  from  the  mirror  as  the  point  A,     This  ap«{ 

plies  also  to  the  case  of  any  other  ray  from  the  point  A — AC,  for  example.  I 


Fig.  4J>6. 
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From  this  the  important  consequence  follows^  that  all  rays  from  the  pw»l 
A,  refleacd  from  the  xmrrov^  foliou\  aftemflcition^  the  same  direcHmMi} 
they  h*id  all  proceeded  from  the  point  a.  The  eye  is  deceived,  and  seeitht 
point  A  at  <i,  as  if  it  were  really  situated  at  a.  Hence  in  plane  mirrofi  ^ 
\image  of  any  point  is  formed  behind  the  mirror  at  a  eii stance  equal  t&  tkd^ 
'"  p  |pr«^  p&int^  ami  on   the  perpenditutar  let  fall  from  ikis  fimnt  m  ^ 

It  is  manifest  that  the  image  of  any  object  will  be  obtained  by  consmid- 
ing,  according  to  this  rule,  the  image  of  each  of  its  points,  or,  at  least,  of  tbcaf 
.  which  are  sufficient  to  dctennine  its  form.     Fig.  427  shows  how  the  ioflgt 
'  ad  of  any  object,  AB,  is  formed. 

It  follows  from  this  construction  that  in  plane  mirrors  the  ima^t  is  ff^ 

same  sise  as  the  object ;  for  if  the  trapezium  ABCD  be  applied  to  the  tmpeo^ 

DC<?^,  they  are  seen  to  coincide,  and  the  object  AB  agrees  with  its  innf* 

A  further  consequence  from  the  above   construction    is,  thAt   iti  pi** 

I  mirrors  the  image  is  symmetrical  in  reference  to  the  object,  ar  1  ^^^ 

514.  Vlrtnml  anit  real  tmac^ea.— There  are  two  ca^es    i>    r  *^ 

I  direction  of  rays  reflected  by  mirrors  according  as  the  rays  after  reCtai«* 

\  ^rc  convergent  or  divergent.     In  the  lirst  case  the  reflected  rays  do  not  m**^ 

[  but  if  they  are  supposed  to  be  produced  on  the  other  side  of  tl»e  mirrotil^ 

p prolongations  coincide  in  the  same  point,  as  shown  in  figs.  42$  aad  4^ 

I  The  c>'c  is  then  affected  just  as  if  the  rays  proceeded  from  thii  point. » 

it  sees  an  image.    But  the  image  has  no  real  existence*  the  lumiooo*  fip** 

not  come  from  the  other  side  of  the  mirror  :  this  appearance  i*  c»llrf  J*^ 

virtual  image.   The  images  of  real  objects  produced  by  pUiie  mlrrefti'** 

this  kind. 

In  the  second  case,  where  tlie  reflected  ni>'s  convetxe^  oC  wlildk  ift  w 
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»oii  have  an  example  in  concave  mirrors,  the  rays  coincide  at  a  point  in 
fcoBI  af  ihc  niirror,  and  on  the  same  side  as  the  object.  They  form  there  an 
tna^  called  the  real  smagt,  for  it  can  be  received  on  a  screen.  The  dis- 
tncfloii  BMlj^be  expressed  by  saying  that  rea/  images  are  those  format  by  the 
rtfiatUdn^s.  themselves^  and  virtuai  images  those  formed  by  their  proionga- 
Dmu. 

$15*  ICatttple  inft^es  formed  by  slmsA  mlirors.-- Metallic  mirrors 
•fcidi  hai-c  but  one  reflecting  surface  only  give  one  image  ;  glass  mirrors 
^ire  rise  to  several  images,  which  are  readily  ob- 
served when  the  image  of  a  candle  is  looked  at 
[uely  Bi  a  looking-glass.  A  very*  feeble  image 
and  then  a  very  distinct  one  ;  behind 
there  are  several  others,  whose  intensities  gra- 
ilecre**^r  until  they  disappear. 

iiriscs  from  the  looking-glass 
.:  surfaces.  When  the  rays 
frOQt  the  jAMOt  A  metft  the  surface,  fig.  428,  a  part  is 
ff^lecDed  Mfi  forms  an  image,  a,  of  the  point  A,  on 
tlNi  prakMifplion  of  the  ray  ^E,  reflected  by  this  *^'«-  ♦^*- 

i«£^ ;  tie  other  part  passes  into  the  glass,  and  is  reflected  at  r,  from  the 
^yer  of  met aJ  which  covers  the  hinder  surface  of  the  glass,  and  reaching  the 
eye  m  the  direction  i/H  gives  the  image  o^.  This  image  is  distant  from  the 
fal  by  double  the  thickness  of  the  glass.  It  is  more  distinct,  because  metal 
better  than  glass. 
In  rvj^rd  to  other  images  it  will  be  remarked  that  whenever  light  is 
from  one  medium  to  another — for  instance,  from  glass  to  air — 
of  the  rays  get  through  ;  the  remainder  are  reflected  at  the  surface 
boafids  the  two  media*  Consequently  when  the  penciJ  cd^  reflected 
c,  attempts  to  leaix  the  glass  at  d^  most  of  the  rays  composing  it  pass 
ifie  air,  but  some  are  reflected  at  d^  and  continue  within  the  glass. 
_  «re  aipun  reflected  by  the  metallic  surface,  and  form  a  third  image  of 
^ ;  aHer  this  reflection  they  come  10  MN,  when  many  emerge  and  render 
the  Ihini  tnuige  visible  :  but  some  are  a^ain  reflected  within  the  glass,  and 
In  a  nukrnianr  e  to  a  fourth,  fifth, 

4ke^  ifnaffc*  tlieri  pleiing  the  series 

dcKTibed*  It  IS  manifest  from  the 
eifilanation  that  each  image  must  be 
iodbJer  thao  the  one  preceding  it,  and 
not  more  than  a  small  number 
^rt  iialhle^>ordinarily  not  more  than  eight 
wttakisIL 

This  BMdtipiicity  of  images  is  objection- 
inns,  and,  accordingly,  me- 
aie  to  be  preferred  in  optical 


Ifismve*  ft-om  two  i^lAiie  ^  -  ^^ 

When  an  object  is  placed    be- 

fiUae  mirrors,  which  form  an  angle  with  each  other,  either  right 
of  the  object  arc  formed,  the  number  of  which  increases 


with  the  inclination  of  the  mirrors.  If  they  are  at  ng:ht  angles  to  eacl 
other,  three  images  are  seen,  arranged  as  represented  in  fig,  429*  The  layl 
OC  and  OD  from  the  point  O,  after  a  single  reflection,  give  the  one 
I  image  0\  and  the  other  an  image  O",  while  the  ray  OA,  which  has  mnAet 
'gone  two  reflections  at  A  and  B,  gives  the  third  image  O'",  When  iIm 
angle  of  the  mirrors  is  60°,  tive  images  are  produced,  and  seven  if  it  is  45^ 
The  number  of  images  continues  to  increase  in  proportion  as  the  ai^^ 
diminishes,  and  when  it  is  zero — that  is,  when  the  mirrors  are  parallel — tbi 
number  of  images  is  theoretically  infinite.  This  multiplicity  arises  from  tiM 
fact  that  the  luminous  rays  undergo  an  increasing  number  of  reflecQOQI 
from  one  mirror  to  the  other 

The  kaUid&scope^  invented  by  Sir  D.  Brewster,  depends  on  this  propexty 
of  inclined  mirrors.  It  consists  of  a  tube,  in  w*hich  arc  three  mirrors  Inclined 
at  60" ;  one  end  of  the  tube  is  closed  by  a  piece  of  ground  glass,  and  the  other 
by  a  cap  provided  with  an  aperture.  Small  irregular  pieces  of  coloured  glisi 
are  placed  at  one  end  between  the  ground  glass  and  another  glass  disc,  wad 
on  looking  through  the  aperture,  the  other  end  being  held  towards  the  light 
the  objects  and  their  images  are  seen  arranged  in  beautiful  symmetrical  fonw? 
by  turning  the  tube,  an  almost  endless  variety  of  these  shapes  is  obtained 

517.  acnltlple  Images  In  two  plAne  pftrallel  nUrrort — En  this  ctlT 
the  number  of  images  of  an  object  placed  between  them  is  tbeoreticalty  in- 
finite. Physically  the  number  is  limited,  for  as  the  incident  light  is  new 
totally  reflected,  some  of  it  being  always  absorbed,  the  images  gTadniOr 
become  fainter,  and  arc  ultimately  quite  extinguished* 

Fig.  430  shows  how  the  pencil  La  reflected  once  from  M  gives  at  1  the 
image  of  the  object  L  at  a  distance  MI  -  ML  ;  then  the  pencil  L^  reflcclRi 
once  from  the  mirror  M,  and  once  from  N,  faniilbe» 
the  image  I'  at  a  distance  nV^^nl;  in  like  maBoer 
the  pencil  Lr,  after  two  reflections  on  M,  and  oof 
on  N,  forms  the  image  I"  at  a  distance  ml'^^niV 
and  so  on  for  an  infinite  series.     The  images  4  A  ^ 

jue    ktoKA 
in  the  9S» 
mamMr  ^ 
raysof  ll^ 
which  ttsit 
led   by  thf 
ohjcd  L  W 
first  00  ^ 
mirror  K- 
5)8.  ineffmlftr  refleistlon.     stfl^Md   Usfet*— TM 
reflection  from  the  surfaces  of  polished  bodies,  the  b*» 
of  which  have  just  been  stated,  is  called  the  rtgmiar^  ^ 
specular  reflection  ;  but  the  quantity  thus  rejected  it  Ici^ 
"  ^  '  .  than  that  of  the  incident  light.     l*hc  Ught  nicideot««  ^ 

opaque  body  separates,  in  fact,  into  three  parts :  one  is  rdlected  w^gidmif^ 
another  irregularly --\\y3i\  is,  in  all  directions  :  while  a  ihtfil  is  gKlkj^MM 
or  t^sarbedhy  the  rejecting  body.  If  light  falls  on  n  tnuiS{MfCBt  bo#»^ 
considerable  portion  is  transmitted  with  regularity* 


ttng\ 
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Tlie  irr^iilarly  reflected  light  is  called  scattered  light :  it  is  that  which 
mikes  bodies  visible  (502).  Theiight  which  is  reflected  regularly  does  not 
five  IB  the  image  of  the  reflecting  surface,  but  that  of  the  body  from 
vllicli  tlw  Light  proceeds.  If,  for  example,  a  beam  of  sunlight  be  incident  on 
tvdi-polished  mirror  in  a  dark  room,  the  more  perfectly  the  light  is  reflected 
the  k$«  \i5iblc  is  the  mirror  in  the  different  parts  of  the  room.  The  eye 
docs  noi  perceive  the  image  of  the  mirror,  but  that  of  the  sun.  If  the  reflect* 
ill;  power  of  the  mirror  be  diminished  by  sprinkling  on  it  a  light  powder,  the 
iifidge  becomes  feebler,  and  the  mirror  is  visible  from  all  parts  of  the 
Perfectly  smooth,  polished  reflecting  surfaces,  if  such  there  were, 
i  be  invisible.  The  beam  of  light  itself  is  only  seen  in  the  room  owing 
4ar  reflections  from  the  particles  of  dust,  and  the  like,  which  are 
tn  the  air.  Tyndall  has  shown  that  when  this  floating  matter  in  the 
i  iin  enclosed  space  is  completely  removed,  the  beam  of  sunlight  or  the 
light  is  quite  invisible.  The  atmosphere  diffuses  the  light  which 
it  from  the  sun  in  alt  directions^  so  that  it  is  light  in  places  which  do 
t  receive  the  direct  rays  of  the  sun.  Thus,  the  upper  layers  of  the  air 
lifine  the  light  which  they  receive  before  sunrise  and  sunset,  and  accord- 
B^lf  give  rise  to  the  phenomena  ^{ twilights 

519,  XDt«n»lt7  of  r«fleet«d  Uf:bt.— The  intensity  of  reflected  light  is 
ijiiay  le^  than  that  of  the  incident  light,  for  some  of  the  original  vibrations 
mm  eooverted  into  vibrations  of  the  reflecting  surfaces.  The  intensity 
■IffTHtM  with  the  obliquity  of  the  incident  ray.  For  instance,  if  a  sheet 
if  wlhite  ptip^t-  l)e  placed  before  a  candle,  and  be  looked  at  very  obliquely,. 
^m  inace  of  the  flame  is  seen  by  reflection,  which  is  not  the  case  if  the  eye 
V  le«s  oblique  rays. 
ITbe  latcnsity  of  the  reflection  varies  with  diflfercnt  bodies,  even  when 
\  of  polish  and  the  angle  of  incidence  arc  the  same.  Thus  with  a 
■  incidence  the  reflected  light  is  f  of  the  incident  in  the  case  of 
ted  from  a  metal  mirror,  \  from  mercury,  ^l  from  glass,  and  ^ 
r*  It  also  varies  with  the  nature  of  the  medium  which  the  ray  is 
_  before  and  after  reflection.  Polished  glass  immersed  in  water 
\  gKftl  put  of  its  reflecting  power. 
\  the  Cftse  of  scattered  reflection  the  actual  lustre  or  brightness  uf  a 

Offface  is  only  a  fraction  of  tiie  light 
I  fiilU  upon  tt,  and  depends  on  the  nature  of 

If  we  call  the  incident  light  100, 

^we  bave  for  the  brightness  of  freshly  fallen  snow 
7l|«iite  paper  70,  white  sandstone  24,  porphyr>' 
tt^  «id  ordmary  eanh  8. 

5Ja  M>a«iitlniii  «C  a  my  of  Vk%%\  Is  a  ro- 
r— When  a  horizontal  ray  of  light 
4  pljute  miiTur  which  can  rotate  about 
mwtical  axts,  if  the  mirror  v»  turned  through  an 
a||k  ««  tlie  teflccted  ray  b  turned  through 
^inble  ibe  angles 

Let  mm  (fif*  431)  be  the  ftrst  position  of  the  mirror,  n*ffC  its  position  after 
sbM  beeo  twned  through  the  angle  a  ;  and  let  CD  be  the  fixed  incident 
Wf,    II  hmtk  the  ccotre  of  rotation  C,  with  any  radius  we  describe  the  cit- 
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cumference  Omn^  and  from  the  point  O,  where  it  cuts  the  incident  ray, 
chords  OO'  and  OC  are  drawn  perpendicular  respectively  to  mn  and  m'ti^ ; 
the  points  O^  and  O"  are  the  images  of  the  point  O  in  the  two  positions  of 
the  mirror,  and  the  angles  CO'D  and  CCD'  are  each  equal  to  COD.    The 
lines  O'D  and  O'^'D'  thus  making  equal  angles  with  O'C  and  0"C,  the  angle 
between  the  ti^'o  former  lines  is  equal  to  that  between  the  two  latter ;  that 
is,  it  will  be   equal  to  O'CO",  and  will  be  measured  by  the  arc  O'O". 
The  rotations  of  the  reflected  ray  and  of  the  mirror  are  thus  measured  bjr 
the  two  arcs  O'O^'  and  mm'  respectively. 

Now,  the  two  angles  O'OO^'  and  mQm*  are  equal,for  they  have  thdr 
sides  perpendicular  each  to  each  ;  but  the  angle  O'OO'^  which  is  an  angie 
at  the  circumference,  is  measured  by  half  the  arc  O'O'',  and  the  aogk 
mQm'  by  the  whole  arc  mm'  \  hence  O'O"  is  the  double  of  mmf^  whicfc 
shows  that  when  the  mirror  has  turned  through  an  angle  a,  the  reflected  ni| 
has  turned  through  2a. 

521.  RaOley's  relleotliiv  seztant. — The  principal  features  of  this  in* 
strument,  which  is  used  to  measure  the  angular  distance  of  any  two  distant 
objects,  are  represented  in  flg.  432.   It  consists  of  a  metal  sector,  the  arc,^^ 

ofwhich  is  graduated.  About 
Si  the  centre  of  the  sector, as 

^  \  j  index  arm,  aby  turns  ;  this  if    ; 

\  provided  with  a  vernier  and    ; 

\  a  micrometer  screw,  by  whicfc 

the  index  may  be  accoratdf 
adjusted  and  also  dampoi. 
A  mirror  at  a  is  fixed  perpe«- 
dicularly  to  the  ann  «^,  aod 
therefore  moves  with  it  A 
telescope  de  is  permanentiy 
fixed  to  the  arm  ac^  and  oppo- 
site to  it  is  a  second  nrirtw 
»f,  also  permanently  iaKA\ 
"*  the  lower  half  of  this  b 
silvered,  and  the  axis  of  the 
telescope  just  traverses  the 
boundary  of  the  silvered  and 
Pig.  43a.  unsilvered  part  of  the  minor. 

I  n  making  an  observatioii 
the  sextant  is  held  so  that  its  plane  may  pass  through  both  the  objects  vboae 
angular  distance  is  to  be  measured.  The  index  arm  is  at  the  xero  of  the 
graduation,  which  indicates  the  parallelism  of  the  two  mirrors.  One  of  the 
objects  is  then  viewed  in  the  direction  om^  through  the  telescope,  and  the 
unsilvered  part  of  the  mirror  m.  The  index  arm  is  then  moved  until  the 
eye  sees  simultaneously  with  this  the  image  of  another  object  /•,  whid 
reaches  the  eye  after  successive  reflections  from  the  mirror  a,  and  firoai  the 
silvered  part  of  the  mirror  m ;  that  is,  by  the  path  gamedo.  The  Mfle 
mha  which  the  two  mirrors  now  form  is  measured  by  the  graduation  of  the 
sector  cdy  and  is  half  the  angle  gom.  For  when  the  two  mirrors  were  paraDd 
the  angular  deflection  of  the  rsLygOy  after  two  reflections,  would  be  Kro,aad 
its  deflection  is  now  the  angle ^;»  ;  whence,  by  the  last  article,  the  mirrors 
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led  through  half  that  angle,  the  mirror  m  having  been  fiiced 

'oughout. 

vrwaeat  of  smmll  ancle*  by  refleetton  from  a  mirror. — An 

lication  is  made  of  the  laws  of  reflection  in  measuring  small 
action  in 
itherob- 
Tie  prin- 

method 
ierstood 
in  which 
s  a  tele- 
lemeath 
\i    right 

axis,  is 
ted  scale 
>f  which, 
esponds 
the  tele-  Fig.  433. 

the  object  whose  angular  deflection  is  to  be  measured,  a  mag- 
:e,  and  let  mm  represent  a  small  perfectly  plane  mirror  fixed 
t  angles  to  the  axis  of  the  magnet  If  now,  at  the  beginning 
ition,  the  telescope  is  adjusted  so  that  the  image  of  the  zero 
d  the  cross  wires,  its  axis  is  perpendicular  to  the  mirror.  Now 
or  is  turned,  by  whatever  cause,  through  an  angle  a,  the  eye 
gh  the  telescope,  the  image  of  another  division  of  the  scale,  a 
be  ray  proceeding  from  which  makes  with  the  line  cO\  tfie 


distance  of  this  division  On  from  the  zero  of  the  scale  and  the 


om  the  mirror  \s  e  have  tan  2a  = 


Thus,  for  instance,  if  Oa 


■es  and  Oc  5,000  millimetres,  then  tan  2a  =* 


12 
5,000' 


from  which 


Vs  a  practised  eye  can  easily  read  ^^-  of  a  millimetre,  it  is  pos- 
m  arrangement  to  read  off  an  anj^ular  deflection  of  two  seconds. 
M's  bellograpli. — The  reflection  of  light  from  mirrors  has 
jy  Mance  in  signalling  at  great  distances  by  means  of  the  sun's 

atus  consists  essentially  of  a  mirror  about  4  inches  in  diameter 
tripod,  and  provided  with  suitable  adjustments,  so  that  the 
I  be  received  upon  it  and  reflected  to  a  distant  station.  An 
can  see  through  a  telescope  the  reflection  of  the  sun's  rays  as 
:.  The  mirror  has  an  adjustment  by  which  it  ran  be  made  to 
in  its  apparent  motion.  There  is  also  a  lever  key  by  which  the 
deflect  the  mirror  through  a  ver\'  small  angle  cither  to  the 
nd  thus  the  obser\er  at  the  distant  station  sees  corresponding 
right  or  left.  Under  the  subject  of  Telegraphy  it  will  be  seen 
mate  motions  can  be  used  to  form  an  alphabet. 
^ph  proved  of  esf^ential  service  in  the  campaigns  in  Africa 

\  \ 


482 


On  Light 


and  Afghanistan,      fnsiead  of  any  special  form  of  apparatus,  an 
shaving  mirror  or  hand-glass  is  frequently  used  ;  and  the  proper  in 
having  been  given  so  as  to  send  the  sun's  rays  to  the  distant  station,  < 
very  easily  cfiected,  the  signals  are  produced  by  obscuring  the  ml 
sliding  a  piece  of  paper  over  it  for  var>^ing  lengths  of  time.     In  111 
longer  or  shorter  flashes  of  light  are  produced,  which,  properly  con 
form  the  alphabet 

Of  course  this  mode  of  signalling  can  only  be  used  where  the  stu] 
ts  available,  but  it  has  the  advantage  of  being  cheap,  simple,  and 
Signals  have  been  sent  at  the  rate  of  12  words  a  minute,  through 
in  very  fine  weather,  of  40  miles. 


REFLECTION  OF  I  IGHT  FROM  CURVED  SURFACES. 

524.  Si>lierlo«l  miiTora. — It  has  been  already  stated  (512)  that  \ 
several    kinds  of   cun^ed   mirrors ;    those   most   frequently   emF 
spherical  and  paiabolic  mirrors. 

Spherical  mirrors  are  those  whose  cur\'ature  is  that  of  a  sphere 
surface  may  be  supposed  to  be  formed  by  the  revolution  of  an  arc  M 
434^  about  the  radius  CA,  which  unites  the  middle  of  the  arc  to  tbe 
of  the  rircle  nf  which  it  is  a  parL     According  as  the  rejection  take! 

from  the  internal « 
the  external   fac 
mirror    it    i; 


fi — 


L 


ctmcm*e  or  cm 
centre  of  the  holtd 
of  which  the  mir 
part  is  called  the  i 
h^rt*aiMre^  or  gt^mk 
^''^'^'•^^-  trn/fr;  thcpoim/ 

centre  of  the  figure.  The  infinite  right  line  AL,  which  passes  thr 
C,  is  the  prinJfiai  axis  of  the  mirror  ;  any  right  line  which 
through  the  centre  C,  and  not  through  the  point  A,  is  a  tfcrmJM^ 
The  angle  MCN,  formed  by  joining  the  centre  and  extremities  i 
mirror,  is  the  aperture.  A  principal  or  mrriiHrmt*/  sec/i^n  is  tlie  J 
made  by  a  plane  through  its  principal  axis.     In  speaking  of  j 

Imes  alone  will  be  considered  which  lie  in  the  same  principal  i    

The  theory  of  the  reflection  of  tight  from  curved  mirrors  is  easily  ill 
from  the  laws  of  reflection  from  plane  mirrors,  by  considering  tbe  i 
the  former  as  made  up  of  an  infinitude  of  extremely  small 
which  arc  its  elements.     The  normal  to  the  curved  surface  at  a  l 
the  perpendicular  to  the  corresponding  element^  or,  what  is  the  \ 
to  its  corresponding  tangent  plane*     It  is  shown  in  geomclr>'  that  tfl 
all  the  nonnals  pass  through  the  centre  of  curvature,  so  that  lh«  1 
readily  be  drawn  to  any  point  of  a  spherical  mirror. 

525.  Voens  af  a  suliefioml  eonoave  mirror^— In  a  curved  : 
f&cus  is  a  point  in  which  the  reflected  rays  meet  or  tend  to  meet,  if  | 
either  backwards  or  forwards  ;  there  may  either  be  a  retU  foati  ori 

f&€VS. 


}  Focus  of  a  Spherical  Concave  Mirror. 
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. — We  shall  first  consider  the  case  in  which  the  lays  of  light 
I  the  principal  axis,  which  presupposes  that  the  luminous  body 
;e  distance.  Let  GD  (fig.  454)  be  such  a  ray. 
Iiypothcsis  that  curved  mirrors  are  composed  of  a  number  of 
I  plane  elements,  this  ray  would  be  reflected  from  the  element 
to  the  point  D,  according  to  the  laws  of  the  reflection  from 
(513);  that  is,  that  CD  being  the  normal  at  the  point  of 
he  angle  of  reflection  CDF,  is  equal  to  the  angle  of  incidence 
n  the  same  plane.  It  follows  from  this,  that  the  point  F,  w^herc 
■ay  cuts  the  principal  axis,  divides  the  radius  of  curvature  AC 
to  two  equal  parts.  For  in  the  triangle  DFC  the  angle  DCF 
mgle  CDG,  for  they  arc  alternate  and  opposite  angles  ;  likewise 

*  b  equal  to  the  angle  CDG,  from  the  laws  of  reflection  ;  there- 
FDC  is  equal  to  the  angle  FCD,  and  the  sides  FC  and  FD 

icing  opposite  to  equal  angles.  Now  the  smaller  the  arc  AD, 
ydoes  DF  equal  AF ;  and  when  the  arc  is  only  a  small  number 
!  right  lines  AF  and  FC  may  be  taken  as  approximately  equal, 
F  may  be  taken  as  the  middle  of  AC.  So  long  as  the  aperture 
ioes  not  exceed  8  to  10  degrees,  any  other  ray  HB,  will,  after 
very  nearly  through  the  point  F.  Hence,  when  a  pencil  of  rays 
axis  falls  on  a  concave  mirror  the  rays  intersect  after  reflection 
lint,  which  is  at  an  equal  distance  from  the  centre  of  curxature, 
lurror  This  point  is  called  the /r/>rnf*^tt/y^a/j  of  the  mirror, 
cc  AF  is  the  principal  /oca!  distance. 

Limllel  to  the  axb  meet  m  the  point  F ;  and,  conversely,  if  a 
It  be  placed  at  F^  the  rays  emitted  by  this  point  will  after 
z  the  dircc 
Ff  parallel  to 
axis  ;  for  in 
ingles  of  in- 
flection have 

•  ;  hat  these 
ttflttla  equal. 
|kw  10  be 
Hiliich  the 
t«d    from    a 

r  L  (fig'  43S)f  placed  on  the  principal  axis,  but  at  such  a  dis- 
'aie  not  parallel,  but  divergent  The  angle  LKC,  which  the 
C  forms  with  the  normal  KC,  is  smaller  than  the  angle  SKC, 
SK,  parallel  to  the  axis,  forms  with  the  same  normal ;  and, 
be  angle  of  reflection  corresponding  to  the  ray  LK  must  be 
it  angle  CKF,  corresponding  to  the  ray  SK.  And  therefore 
Q  meet  the  axis  after  reflection  at  a  point  A  between  the 
l«  priodpal  focus  F.  So  long  as  the  aperture  of  the  mirror 
d  a  &mall  number  of  degrees,  all  the  rays  from  the  point  L 
ttr  reflection  in  the  point  /.  This  point  is  called  the  conju^te 
t  \%  lliis  connection  between  the  points  L  and  /,  that  if  the 
were  transferred  to  /,  its  conjugate  focus  would  be  at  L,  /K 
M  and  KL  the  reflected  ray. 


t  «fi*  435. 
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On  considering  the  figure  435  it  will  be  seen  Um(  wben  the  fK>t3il  L  m 
brought  near  to  or  removed  from  the  centre  C,  its  conjugate  focus  approachei 
or  recedes  in  a  corresponding  manner,  for  the  angles  of  incidence  and  ro- 
flection  increase  or  decrease  together  I 

If  the  point  L  coincides  with  the  centre  C,  the  angle  of  incidence  \^ 
null,  and  as  the  angle  of  reflection  must  be  the  same^  the  ray  is  reflected  o^ 
itself,  and  the  focus  coincides  with  the  luminous  point-  When  the  lumj 
point  is  between  the  centre  C  and  the  principal  focus,  the  conjugate  U 
turn  is  on  the  other  side  of  the  centre,  and  is  further  from  the  centre 
.  ing  as  the  luminous  point  is  nearer  the  principal  focus.  If  the  hunioousj 
coincides  with  the  principal  focus,  the  refiecied  rays,  being  parallel 
axis,  will  not  meet,  and  there  is,  consequently,  no  focus. 

Virtual faais.^lhtre^  is,  lastly,  the  case  in  which  the  point  is  pUcedat 
L,  between  the  principal  focus  and  the  mirror  (tig.  436).  Any  niy  LV, 
emitted  from  the  point  L,  makes  with  the  normal  CM  an  angle  of  incidence, 
LMC,  greater  than  FMC  ;  the  angle  of  reflection  must  be  greater  than  CMS, 
and  therefore  the  reflected  ray  ME  diverges  from  the  axis  AK,  This  is4i» 
the  case  with  all  rays  from  the  point  L,  and  hence  these  rays  do  not  intcned, 
andn,  consequently,  form  no  conjugate  focus  ;  but  if  they  are  conceived  tob 
prolonged  on  the  other  side  of  the  mirror,  their  prolongations  will  intcncc* 


i-JK-  43'-''  ^  'i-     ^>7- 

tn  the  same  point,  /,  on  the  axis,  and  the  eye  experiences  the  same  imp 
as  if  the  r.iys  were  directly  emitted  from  the  point  A     Hence  a  t4rtmd^ 
is  formed  quite  analogous  to  those  formed  by  plane  mirrors  (5i4)» 

In  all  these  cases  it  is  seen  that  the  position  of  the  principal 
constant,  while  that  of  the  conjugate  foci  and  of  the  %nrtual  foci  vary. 
\  principal  and  th^  conjugate  foci  are  always  on  thi  lame  suU  p/tJk£  1 
]  ihe  luminous  pointy  while  the  virtual  focus  is  atwttys  4m  tke  oiA^r  sidnffi 
\  mif^ror. 

Hitherto  the  luminous  point  has  always  been  supposed  to  be 
ihe  principal  axis  itself,  and  then  the  focus  is  formed  on  this  axis.    II 
\  case  in  which  the  luminous  point  is  situate  on  a  secondary  axis,  LB  (tif.^ 
f  by  applying  to  this  axis  the  same  reasoning  as  in  tiic  preceding  cuc^  T 
I  be  seen  that  the  focus  of  the  point  L  is  formed  at  a  point  /  on  the  i 
,  axis,  and  that,  according  to  the  distance  of  the  point  L,  ihe  fbctif  1 
eitlier  principal,  conjugate,  or  virtual* 

526.  Po«l  of  oooTex  mirrors. — In  convex  mirrors  there  are  ooly  1 
foci.     Let  SI,  TK  .  .  .  (fig.  43S)  be  rays  parallel  to  the     -  -    -^  - 
convex  mirror.     These  rays,  after  reflection,  take  the  d 
JM,  KH,  which,  when  continued,  meet  in  a  point  F,  wbicn  ]> 
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r  of  the  mirror.    By  means  of  the  triangle  CKF,  it  may  be  shown 
nanncr  as  with  concave  mirrors,  that  the  point  F  is  approxi- 

tntre  of  the  radius  of  curvature,  CA. 


^^e  iDcidcnt  luminous  rays,  instead  of  being  parallel  to  the  axis»  pro- 
^Bm  a  point  I^  situated  on  the  axis  at  a  lintte  distance,  it  is  at  once 
Plbt  a  vimsal  focus  wtlJ  be  farmed  at  a  point  /,  between  the  principal 
p  T  and  tlie  mirror. 

IB gKM t p n tian orttie  iirtiict|»tt]  foeiu  af  a  mirror* — tn  the  appli- 
td  concave  and  convex  mirrors  it  is  often  necessary'  to  know  the 
rf  csrvftture.  This  i&  tantamount  to  finding  the  principal  focus  ;  for 
Ituafed  at  the  middle  of  the  radius,  it  is  simply  necessary  to  double 
I  distance, 
to  bfid  tbi%  focus  «rith  a  concave  mirror,  it  is  exposed  to  the  sun*s  rays, 
luU  its  principal  axis  is  parallel  to  them,  and  then  with  a  small  screen  of 
tad  jd^^  tlie  point  is  sought  at  which  the  image  is  formed  with  the 
liy  ;  this  is  the  principal  focus.    The  radius  of  the  mirror  is 

IT?'  r\vcx,  it  is  covered  with  paper  ;  but  two  small  portions 

All  sedat 

itm^'tr%  iiom  the 
)fe0f lliefsQTc  A^  and  on 
lisro^  |mncipai  section 
1439V  A  s<:rcen  MN%in 
CCfitTV  oi  which  is  an 
;  larger  than  the  dis- 
is  placed  before 
.  If  tt  pencil  of 
SH,  S'l,paraiJcl  Fij.439. 

[1  cm  the  mirror^  ihr.  ligiu  is  leriectcd  at  H  and  I,  on  the  parts 
is  left  exposed,  and  forms  on  the  screen  two  brilliant  images 
By  mtiving  the  screen  MN  nearer  to  or  farther  from  the  mirror, 
mlJ0O  »  fotnd  at  which  the  distance  kt  is  double   that  of  HL     Tlip 
AO  from  the  screen  to  the  mirror  then  equals  the  principal  focal 
For  the  arc  HAl  does  not  sensibly  differ  from  its  chord  ;  and 


maaft  ibt  tmoglcs  FH 1  and  F^'  arc  similar, 


HI 
Mi 


FA 


I  tbef^ofv  a1«o  fa  Uthe  half  of  FD,  and  therefore  AD  i§  equal  l(» 
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Fmtfaer^  FA  is  tbe  principal  fcxral  distance ;  fortlie  rays  SH  and  SI 
\  parallel  to  the  axis  :  consequently  also  twice  tbe  distaocc  AD  e|iial(  ihi 
Efac&is  ol'carvamre  of  the  mirror.  \ 

52S.  Formfttl««  •r  lai»f«s  la  eonemve  nirrvr*^— Hitherto  it  has 
pposed  that  the  luminous  or  illuminated  objea  placed  in  firoot   of 
(jnifTor  was  simply  a  point ;  but  if  this  objea  has  a  cenaia  magnitude, 
can  conceive  a  secondaxy  ajds  drawn  through  each  of  its  pomtS|  and  thus 
series  of  real  or  virtnal  foci  cotild  be  determined,  the  coUectkni  of  wbti 
com|x>ses  the  image  of  tbe  object.     By  the  aid  of  the  amstmctians  wli» 
have  served  for  determtning  the  foci,  we  shall  investigate  the  position 
magnitude  of  these  images  in  concave  and  in  convex  mirrors. 

Real  image, — We  shall  ftrst  take  the  case  in  which  the  mirror  is  concave^ 
and  the  object  AB  (6g.  440)  is  on  tbe  other  side  of  the  centre.     To  oblaSi 


I 


the  image  or  the  focus  of  any  point  A,  a  secondary  axis,  AE,  is  dra»tj  frt  _ 
this  point,  and  then  drawing  from  the  i>oint  A  an  incident  ray  AD.  ^ 
normal  to  this  point,  CD,  is  taken,  and  the  angle  of  reflection  CD<f  15  in*it 
equal  to  the  angle  of  incidence  ADC.  The  point  <f,  where  the  reflected  trj 
cuts  the  secondary  axis  AE,  is  the  conjugate  focus  of  the  point  A,  beoai* 
every  other  ray  drawn  from  this  point  passes  through  a.  Similarly  i  * 
secondary  axis,  Bl,  be  drawn  from  the  point  B,  the  rays  from  this  pott* 
meet  after  reflection  in  ^,  and  form  the  conjugate  focus  of  B.  And  as  ifci 
images  of  all  the  points  of  the  object  are  formed  between  a  and  ^,  a^  »  At 
complete  image  of  AB.  From  what  has  been  said  about  foci  (52;^  i 
follows  that  this  image  is  real^  ifwerted^  smaller  than  ih*  o^ci^  amd  pi^ 
hiiwetn  the  centre  0/  curtniture  and  the  principal  f0aiU     This  image  naf  ^ 

seen  in  two  ways :  by  pbdif 
the  eye  in  the  continuaticA  ^ 
the  reflected  rays,  and  then  « il 
an  aerial  image  which  is  ifCJi; 
or  the  rays  are  collected  ••• 
screen,  on  which  the  image  i^ 
pears  to  be  depicted. 

If  the  luminotiftortlHiiBlvii' 

^**  ^**  object  IS  placed  at  *i^,  \)mm 

the  principal  focus  and  the  centre,  its  image  is  formed  at  AB,     It  U  thflii 

real  but  inverted  image;  tt  is  larger  than  the  object^ tfni^  tk€ Imrg&rMt^ 

abject^  ab^  is  rearer  the  focus. 

If  the  object  is  placed  in  the  principal  focus  itself,  no  imige  is  prodiKel; 


>1R.  443- 


Fannulisfot  Spherical  Mirrors, 

Hie  fays  emitted  from  each  point  farm,  after  reflection,  as  many 
fipectively  parallel  to  the  secondary  axis,  which  is  drawn  through 
^m  which  they  are  emitted  ;524},  and  hence  neither  foci  nor 
^  formed. 

iall  points  of  the  object  AB  are  above  the  principal  axis  (iig.  441), 
pg  the  preceding  construction,  it  is  readily  seen  that  the  image  of 
t  b  formed  at  ab, 

p/  image, — The  case  remains  in  which  the  object  is  placed  between 
)p\  focus  and  the  mirror.     Let  AB  be  this  object  (tiv:    44-)  ;  the 
ra>^    after    reflection 
ions  UI  and  KH, 
ingations  form  a 
<i,  of  the  point  A, 
idaiy  axis.     Simi- 
of  B  is  formed 
[tiently  tiic  eye  sees 
image  of  Ali.     This 
zirtutil^   crccf,    and 
ik4  objtii. 

Iiai  has  been  stated 
it,  according  to  the 
tlie  object,  concave  mirrors  produce  two  kinds  of  images,  or  none 
Tion  notices  this  by  placing  himself  in  front  of  a  concave  mirror, 
distance  he  %^ts  an  image  of  himself  inverted  and  smaller  ;  this 
hnage  ;  at  a  less  distance  the  image  becomes  confused,  and  dis* 
he  is  at  the  focus  ;  still  nearer  the  image  appears  erect,  but 
then  a  virtual  image. 

mmwk  ^t%mmjgm%  to  oonvez  mirrors. — Let  AB  (fig.  443)  be 
fd  in  front  of  a  mirror  at  any  given  distance.  AC  and  BC  arc 
and  it  follows, 
bas  been  already 
aU  the  rays  from  A 
I  after  reflection, 
prolongations  pass 
poinf  <9,  which  is  the 
o<f  the  point  A, 
rayf  from  H  form 
of  it  in  the  pfMnt 
^  which  receives  the 
^yi  DEy  KA  .  .  .  sees  in  ^  an  image  of  AB.  Hence»  whatever 
of  an  object  in  front  of  a  convex  mirror,  the  image  is  always 
fcr/,  <s^  imaller  ihan  the  ohjecL 
vralfls  tw  spb^rtoai  tnirrora. — The  relation  between  the 
Oil  object  and  that  of  its  image  in  spherical  mirrors  may  be 
irery  simple  formula.  In  the  case  of  concave  mirrors,  let 
tf  curvature,/  the  distance  LA  of  the  object  L  (fig.  444), 
/A  of  the  image  from  the  mirror.  In  the  triangle  LM/, 
MC  divides  the  angle  LM/  hito  two  equal  parts,  and  firom 
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geometry,  it  follows  that  the  two  segments  LC,  C/  are  to  each  other 
two  sides  containing  the  angle  ;  that  is, 

^  ,  ^J^  I  therefore  CL  x  LiM  -  C  L  k  /M. 

I  f  the  arc  A  M  does  not  exceed  5  or  6  degrees,  the  lines  M  L  and  M/  ^ur 

approximately  cciual  to  ALand  A/; 
that  is,  io p  and/'. 

Further,  C/-CA- A/- R^/; 

andaJso  CL  -  AL- AC"/^R. 

The  values  substituted  in 

preceding  equations  gii'p 

From  which  transposing  and  reducing  we  have 

R/  +  R/'-2//'    .  Ill 

If  the  terms  of  this  equation  be  all  divided  by/>/'K»  we  obiam 

'+l=H        .      .      . 

which  is  the  usual  form  of  the  equation. 
From  the  equation  (i)   we  get 


^      2/^K 


tcfnu  of  ^ 


which  gives  the  distance  of  the  image  from   the  mirror,  m 
distance  of  the  object,  and  of  the  radius  of  curvature. 

531.    Discasstoa  of  tlie  formulid  for  mtrrors.  —  We   sbaU   nov 
vestigatc  tlie  different  values  of  p\  according  to  the  values  c»f  /  m] 
formula  (3). 

i.  Let  the  object  be  pi  •  ^-^    ♦  nn  infinite  distance  on  the  axis^  in  1 
caic  the  incident  rays  ai  L    To  obtain  the  value  of/\  both  irfmtrf 

the  fraction  (3)  must  be  unjutu  by/,  which  gives 

R  i 


/'- 


K 


i 


as  /  is  infinite^  -  is  zero*  and  we  have  /'  -  -  ;  that  is,  the  image  is  kmsd  M 

[in  the  principal  focus,  as  ought  to  be  the  case,  for  the  iocklciil  «yi  iiy 
arallel  to  the  axis. 
il  If  the  object  approaches  the  mirror,  /  decreasei,  dmi  as  the  1 
jfbator  of  the  formula  (4)  diminishes,  the  value  of  /'  increases  ; 
lllic  image  approaches  the  centre  at  the  same  time  as  the  ' 
[Always  between  the  principal  focus  and  the  centre,  for  so  lont;  a^ 


/  is  >  R,  we  have 


-^>*^and<R. 
R     2 


lii.  When  the  object  coincides  with  the  centre, /^R,  and^  i 
^'  -  R  ;  that  is,  the  image  coincides  with  the  object. 
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ben  the  luminous  object  is  between  the  centre  and  the  principal 

:K,and  hence  from  the  formula  (4), /'>R  ;  that  is,  the  image  is 

i  the  other  side  of  the  centre.     When  the  object  is  in   the  focus^ 

R 
iich  gives >>''     -00  ;  that  is,  the  image  is  at  an  infinite  distance, 

reflected  rays  are  parallel  10  the  axis. 

jkstly,  if  the  object  is  between  the  principal  focus  and  the  mirror,  we 

D 

_  ;  /'  is  then  negative,  because  the  denominator  of  the  formula  (4) 

Therefore,  the  distance  p^  of  the  mirror  from  the  image  must 
uluitd  on  the  axis  in  a  direction  opposite  to  /,  The  image  is  then 
M.^  is  on  the  other  side  of  the  mirror. 

Bg  /'  negative  in  the  formula  (2)»  it  becomes  '  -  ^^7  -  f,  ;  in  this 

WT  p  p     K 

Hbmprehcnds  all  cases  of  virtual  images  in  concave  mirrors. 

H  case  of  concave  mirrors  the  image  is  always  virtual  (525) ;  p*  and 

if  the  same  sign,  since  the  image  and  the  centre  arc  on  the  same  side 

Pr,  while  the  object  being  on  the  opposite  side,  /  is  of  the  conirar)- 
;  in  the  formula  (2)  we  get 

ibnatilA  lor  convex  mirrors,  [t  may  also  be  found  directly  by  the 
eocnetjical  considerations  as  those  which  have  led  to  the  formula  (2) 
emvc  mirrors. 

ittsi  be  observed  that  the  preceding  formula;  arc  not  rigorously  true> 
cii  as  they  depend  upon  the  assumption  that  the  lines  LM  and /M 
^)  are  equal  to  LA  and  A/ :  although  th  is  is  not  true,  the  error 
tbes  without  fimit  with  the  angle  MCA;  and  when  this  angle  does 
i  a  few  degrees,  the  error  is  so  smati  that  it  may,  in  practice,  be 


F  rv- 


(5) 


^ i 


DO  or  tiie  magnltiide  of ImAfes. — By  means  of  the  above 
magnitude  of  an  inuiiire  may  be  calculated  when  the  distance 
» its  magnitude* 
ins  of  the  mirror 
For  if  BD  be 
445),  ^</  it5. 
distance 
AC  be 
I  be  calculated 
■  formula  (3)  oi 
Ao  known.  oQ 

But  as  the  triangles  BCD  and   dCd  are  similar,  their 
k  are  in  the  proportion  dd  iBD^C^  :  CK,  or 

Length  of  the  image  :  length  of  the  object 

\  §eom  image  to  centre  :  distance  from  the  object  to  the  centre 

I  afeotrrMloii,     Caii»ttes.~ In  the  foregoing  explanation  of 
I  of  foci  and  images  of  spherical  mirrors,  it  has  already  been 
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observed  that  the  reflected  rays  only  pass  ihrou^jh  a  single  point  il 
aperture  of  the  mirror  does  not  exceed  8  or  ro  degrees  (531).  Withl 
aperture  the  rays  reflected  near  the  edges  meet  the  axis  nearer  thi 
than  those  that  are  reflected  at  a  small  distance  from  the  neighbom 
the  centre  of  the  mirror.  Hence  arises  a  want  of  precision  in  thes< 
which  is  called  spherical  nberration  by  refltdion^  to  distinguish  it  ; 
spherical  aberraiiim  by  refractioHy  which  occurs  in  the  case  of  Jensen 
Every  reflected  ray  cuts  the  one  next  to  it  (fig.  446),  and  their  | 
intersection  form  in  space  a  curved  surface  which  is  called  the  a 

reflection.  The  curve  Fj 
senu  one  of  the  brand 
section  of  this  surface  ma« 
plane  of  the  paper.  Ul 
light  of  a  candle  is  reflec 
the  inside  of  a  cup  or  tq 
section  of  the  caustic  su^ 
be  seen  by  partly  tilling  tl 
tumbler  with  milk. 
«uotttAt. — The  applications  < 
Mirrors  are  also  fn 


Fig*  446, 


334.  A|ipll cations  of  mirrors. 

mirrors  in  domestic  economy  are  well  known 
used  in  physical  apparatus  for  sending  light  in  a  certain  dircctii 
have  already  seen  an  application  of  this  in  the  heliograph  ($23).  T 
of  the  sun  can  only  be  sent  in  a  constant  direction  by  making  the  mill 
able,  tt  must  have  a  motion  which  compensates  for  the  continual 
in  ihe  direction  of  the  sun's  rays  produced  by  the  apparent  dium; 
of  the  sun.  This  result  is  obtained  by  means  of  a  clockwork 
which  the  mirror  is  fijced^  and  which  causes  it  to  follow  the  com 
sun.  Such  an  apparatus  is  called  a  heiiostaf.  The  reflection  of 
used  to  measure  the  angles  of  crystals  by  means  of  the  inst 
as  reflecting  goniomeiers. 

Concave  spherical  mirrors  arc  also  often  used.  They  are  a| 
magnifying  mirrors^  as  in  the  older  forms  of  shaving  mirrors, 
been  employed  for  huming  mirrors,  and  are  still  used  in  telescopes^ 
also  serve  as  reflectors,  for  conveying  light  to  great  distances,  by^ 
a  luminous  object  in  their  principal  focus.  For  this  purpose,  I 
parabolic  mirrors  are  preferable.  ' 

The  images  of  objects  seen  in  concave  or  convex  mirrors  appe^ 
or  larger,  but  otherwise  similar  geometrically,  except  in  the  cii 
^ome  parts  of  a  body  are  nearer  the  mirror  than  others.  Thi 
lion  of  features  observed  on  looking  into  a  spherical  garden  mirror 
marked  the  nearer  we  are  to  the  glass.  Objects  seen  in  cyiimi 
conical  mirrors  appear  ludicrously  distorted.  From  the  laws  of  fl 
the  shape  of  such  a  distorted  figure  can  be  geometrically  construd 
like  manner  distorted  images  of  objects  can  be  constructed  whirti| 
such  mirrors,  appear  in  their  normal  proportions.  They  arc  called  { 
phases, 

535.  ^mr^bollo  lalrrora. —  Parabolic  mirrors  are  concave  mirroi 
surface  is  generated  by  the  revolution 
Its  axis  A! 


beco  already  stated  that  in  spherical  inirrors  the  rays  parallel  to 
only  approximately  to  the  prindpal  focus  ;  andTreciprocally, 
light  is  placed  in 
^  focus  of  these  mirrors 
Sled  rays  are  not  exactly 
to    the    axis.      Parabolic 
e  free  from  this  defect  ; 
kore  diilicult  to  construct, 
ncr  for  reflectors.     It  is 
of  a  parabola  that  the 
FM,   drawn   from    the 
»t    any   point    M    of  the 
the  line  M  L,  parallel  to 
AF,   make  equal   angles 
t^ent  TT'  at  this  point 
rays  parallel  to  the  axis  atter  reflec- 
in  the   focus  of  the  mirror  F  ;  and 
\  when  a  source  of  light   is  placed 
the  rays  incident  on  the  mirror 
exactly    parallel    to    the    axis, 
thus  reflected  tends  to  maintain  its 
^ven  at  a  great  distance,  for  it  has 
($oS)  that  it  is  the  divergence  of  the 
rays  which   principally  weakens  the 
of  light. 

this  property  parabolic  mirrors  are 
rriagc  lamps,  and  in  the  lamps  placed 
"  aod  behind  railway  trains.  These  re- 
fc  fonncriy  used  for  lighthouses,  but 
replaced  by  lenticular  glasses. 
two  equal  parabolic  mirrors  arc  cut 
I  popendicular  to  the  axis  passing 
e  ibcnv  ^uid  are  then  united  at  their 

Hi  03  shown  in  fig.  448,  so  that  their  foci  coincide,  a  system 
is  obtained  with  which   a  single  lamp  illuminates  tn   two 
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SINGLE   REFRACnON.      LENSES. 


536.  Fheoomeaoa  of  t%tvwo%i^m*—Kefrac'tton  is  the  deflection  or  bending 
which  the  rays  of  light  experience  in  passing  obliquely  from  one  medium  to 
another  :  for  instance,  from  air  into  water.  We  say  obliquely,  because  if  the 
incident  ray  is  perpendicular  to  the  surface  separatin«:  the  two  media,  it  is 
not  bent,  and  continues  its  course  in  a  light  line. 

The  incident  ray  being  represented  by  SO  (fig.  449),  the  nfracteH  ray  i» 
the  direction  OH  which  light  takes  in  the  second  medium;  and  of  theanj|;lc« 
SO  A  and  HOB,  which  these  rays  form  with  the  line  AB,  at  right  angles  ta 
the  surface  which  separates  the  two  media,  the  fini 
is  the  angle  of  incidence^  and  the  other  the  angle  ^ 
refraction.  According  as  the  refracted  my  t^ 
proaches  or  deviates  from  the  normal,  the  secood 
medium  is  said  to  be  more  or  less  nefringmt  or 
refracting  than  the  first. 

All  the  light  which  falls  on  a  rrfmcting  sitrte 
docs  not  completely  pass  into  it :  one  pout  it  re- 
flected and  scattered  (518),  while  ;inothcr  pcnetntej 
into  the  medium. 
Mathematical  analysis  shows  that  the  direction  of  refraction  depeodi  00 
the  relative  velocity  of  light  in  the  two  media.     On  tlie  undolatory 
tlie  more  highly  refracting  medium  is  that  in  which  the  velocity  of 
tion  is  leasL 

In  uncr>' stall ised  media,  such  as  air,  liquids,  ordinary  gljus^  thelmnioO 
ray  is  singly  refracted*;  but  in  certain  crystallised  bodies,  such  as  Iceland ^"^ 
selcnite,  Jtc,  the  incident  ray  gives  rise  to  two  refracted  rays.  The  Utti^ 
phenomenon  is  called  double  refraction^  and  will  be  discussed  in  suiollicr  p«t 
of  the  lK>ok»     We  shall  here  deal  exclusively  with  single  refracttfin, 

537.  3Lawft  of  atiiile  reft^ftotloii. — When  a  luminous  ray  is  re^acitd 
passing  from  one  medium  into  another  of  a  diflfcreni  rcfracttvc 
following  laws  prevail  :— 

I.  Wkatetrr  the  Miquity  af  the  inctdeni  ray^  the  «l^  wkieJk  Hk^  f 
the  incident  angle  ^ears  to  the  sine  of  the  angle  of  refrtuiimn  is  emuimitfi'' 
the  same  ttt^o  media^  but  varies  with  different  media. 

IL    J^he  incident  and  the  refracted  ray  (tre  in  the  mmt  /iame^  wfejii 
perpendicular  to  the  surface  separating  the  two  media. 

These  have  been  known  as  Descartes'  law  ;  they  are,  however^  itrff 
due  to  Willibrod  Snell,  who  discovered  them  in  1620  j  they  art  dCBMt* 
strated  by  the  same  apparatus  as  that  used  for  the  laws  of  reflocfkm  (S"V 
The  plane  mirror  in  the  centre   of  the  graduated  circle  ts  rcptocni  l»y  * 
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semi-cyiindiical  glass  vessel^  tilled  with  water  to  such  a  height  that  its 
level  is  exactly  the  height  of  the  centre  (fig.  450).  If  the  mirror,  M,  be 
then  sa  inclined  that  a  reflected  ray,  MO,  is  directed  towards  the  centre, 
it  \%  refracted  on  passing  into  the  water,  but  it  passes  out  without  refraction, 
btcanst  tbeo  its  direction  is  at  right  angles  to  the  curved  sides  of  the 
viiiet  In  order  to  observe  the  course 
d  the  refracted  ray,  it  is  received  on  a 
P,  which  is  moved  until  the 
*>f  the  aperture  in  the  screen  N 
ii  formed  in  its  centre*  In  all  positions 
«f  the  screens  N  and  P,  ihe  sines  of 
1^  Ailglcf  of  incidence  and  refraction 
asr  mctsured  by  means  of  two  graduated 
ndet,  inovmble  so  as  to  be  always  hori> 
»elal,  ftdd  hence  perpendicular  to  the 
diaaieier  AD, 

Oniwling  off  the  length  of  the  ^ines 
tft!iesQg)es  MOA  and  DOP  in  the 
I  and  R,  the  numbers  are  found 
•  lib  the  position  of  the  screens, 
lift  tbdr  ratio  is  constant  ;  that  is,  if 
Ibe  iific  oC  incidence  becomes  twice  or 
ihice  times  as  large,  the  sine  of  refrac- 
bei  kicreases  in  the  same  ratio^  which 
dcaimflfatcs  the  tirst  law.  The  second 
Inr  follows  from  the  arrangement  of  the 
afiantus  for  the  plane  of  the  graduated  limb  is  perpendicular  to  the  surface 
«f  i!k  ljqiti4  in  the  semi -cylindrical  vcsseL 

||S*  toftem  of  ren^Mtioo. — The  ratio  between  the  sines  of  the  incident 
laA  refraiCted  angle  is  called  imkx  t]f  refraction^  or  refradhie  ind^x.  It 
MDH  with  the  media ;  for  example,  from  air  to  water  it  is  |,  and  from  air  to 
,L,    ■    '     ■ 

ordiaare  considered  in  an  inverse  order— that  is,  if  light  passes 
ima  \»4i^  10  air,  or  from  glass  to  air — it  follows  the  ^ame  course,  but  in  a 
direction,  PO  becoming  the  incident  and  OM  the  refracted  ray. 
lly  the  index  of  refraction  is  reversed  ;  from  water  to  air  it  is  then 
|i«d  frois  glafts  to  air  |. 

519^  MHmm  prod«io0d  by  refVactioa.  -In  consequence  of  refraction, 
todiet  tmincfied  in  a  medium  more  highly  refracting  than  air,  appear  nearer 
t^  MirfAce  of  this  medium,  but  they  appear  to  be  more  distant  if  immersed 

•  a  le*i  r^racting  medium.  Let  L  (fig.  451)  be  an  object  immersed  in  a 
ttm  pf  wmter.  In  passing  thence  into  air,  the  rays  LA,  LB  ,  .  .  diverge 
ft««l  iJw  fkormal  to  the  point  of  incidence,  and  take  the  direction  AC,  BD 

•  * .  I  tiie  pfolongations  of  which  interi»ect  approximately  in  the  point  L', 
phnrf  00  tl»e  perpendicular  L^K.  The  eye  receiving  these  rays  sees  the 
•Ijea  L  wx  L'-  The  greater  the  obliquity  of  the  rays  LA,  LB  .  .  .  the  higher 
tlieot^ea  appears. 

it  b  for  the  same  reason  that  a  stick  plunged  obliquely  into  water  appears 
bm  (ig»  4$!),  the  immersed  part  appearing  raised. 
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An  expcrimentaJ  illustration  of  the  effect  of  refraction  is  the  following 
A  coin  is  placed  in  an  empty  porcelain  basin,  and  the  position  of  the  cy 
so  adjusted  that  it  is  just  not  visible.  If  now,  the  position  of  the  c>e  rem 
ing  unaltered,  water  be  poured  into  the  basin,  the  coin  becomes  visible. 
consideration  of  ftg.  451  will  suggest  the  explanation  of  this  phenomenon 

Owing  to  an  effect  of  refraction,  stars  are  visible  to  us  even  when  \ 
are  below  the  horizon.  For  as  the  layers  of  the  atmosphere  are  dense 
proportion  as  they  arc  nearer  the  earth,  and  as  the  refractive  power  of  a 


Fig.  451. 


Fig.  45«. 
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increases  with  its  density  (550),  it  follows  that  on  entering  the  at: 
the  luminous  rays  become  bent,  as  seen  in  fig.  453,  describing  a  curve! 
reaching  the  eye,  so  that  we  can  see  the  star  at  S'  along  the  tangent  of  til 
curve  instead  of  at  S,  In  our  climate  the  atmospheric  refraction  does  i 
raise  the  stars  when  on  the  horizon  more  than  half  a  degree* 

The  effect  of  refraction  is  that  objects  at  a  distance  appear  higher  tlu 
they  are  in  reality ;  our  horizon  is  thereby  widened.  When  individual  layo 
of  air  refract  more  strongly  than  usual,  objects  may  thereby  become  TtM 
which  arc  usually  below  the  horizon.  Thus,  from  Hastings,  the  cc«sl  < 
France,  which  is  at  a  distance  of  56  milcs^  is  not  unfrequcntly  seen. 

540.  Total  refleetion.  CSrltleal  maf  le.— W'lien  a  luminous  ray  psM 
from  one  medium  into  another  which  is  less  refracting,  as  from  water  W 

air,  it  has  \m 
seen  thai  A 
angle  of  a* 
dence  is  Id 
than  the  mfl 
t>f  refractioi 
Hence,  wtii 
lij^J^t  if  pfopi 
gated  in  1  IB>1 
of  water  from 
to  O  \H'  m 
there  is 
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a  value  of  the  angle  of  incidence  SOB,  such  that  the  angle  ofre^nctioiiACri 
is  a  right  angle,  in  which  case  the  refracted  ray  emeiges  fNualkl  Ift  tf 
surface  of  the  water. 

This  angle,  SOB,  is  called  the  criiicai angk^  since  for  any 
POB,  the  incident  ray  cannot  emerge,  but  undergoes  an  inlenud 
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Ucd  Mai  rtJUctwn  because  the  incident  light  is  enlirely  reflected. 

to  air  the  critical  angle  is  48"  35' :  from  glass  to  air,  41^  48'. 

currencc  of  this  internal  reflection  may  be  observed  by  tbe  foUow- 

aent :— An  object,  A,  is  placed  before  a  glass  vessel  filled  with 

>} ;  the  surface  of  the  liquid  is  then  looked  at  as  shown  in  the 

1  an  image  of  the  object  A  is  seen  at  a,  formed  by  the  rays  reflected 

'  ordinary  manner  of  a  mirror. 

^cflfects  of  the  total  reflection  of  the  images  of  objects  contained 
iria  are  frequently  observed,  and  add  much  to  the  Interest  of  their 
loce. 

Section  there  is  no  loss  of  light  from  absorption  or  transmission^ 

jjy  it  produces  the  greatest  brilliancy.     If  an  empty  test-tube 

Em  slanting  position  in  water,  its  surface,  when  looked  at  from 

►  as brilliantly  as  pure  mercury  ;  those  rays  which  fall  obliquely 

Be  cannot  pass  into  the  water,  and  are  therefore  totally  reflected 

If  a  tittle  water  be  passed  into  the  tube,  that  portion  of  it  loses  its 

l>bles,  again,  in  water  glisten  like  pearls,  and  cracks  in  transparent 

strips  of  silver,  for  the  oblique  rays  are  totally  reflected.    The 

ent  bodies  bounded  by  plane  surfaces,  such  as  the  lustre  of 

rises  mainly  from  total  reflection.   This  lustre  is  more  frequent 

liiaot  the  smaller  the  limiting  angle ;  the  lustre  of  diamond^ 

I  is  llie  most  brilliant. 

k — ^Thc  mirage  is  an  optical  illusion  by  which  inverted  images 
\  objects  are  seen  as  if  below  the  ground  or  in  the  atmosphere.  This^ 


\  19  of  most  frequent  occurrence  in  hot  climates,  and  more  cspc- 
r  plains  of  Egypt.  The  ground  there  has  often  the  aspect  of 
y  00  which  are  reflected  trees  and  the  $uiTOundin<>  villages. 
[ipanted  Napoleon's  expedition  to  Egypt,  was  the  first  to 
on  of  the  phenomenon* 

Bcnon  of  refraction,  which  results  from  the  unequal  density 
\  layers  of  the  air  when  they  are  expanded  by  contact  with  the 
Tbc  least  dense  layers  jire  then  the  lowest,  and  a  luminous  ray 
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from  an  elevated  object,  A  (lig.456),  Iraverses  layers  which  arc  gnida«\Uy  Jess 
refracting ;  for»  as  will  be  shovvn  presently  (550),  the  refracting  power  ckf  a 
gas  diminishes  with  lessened  density.  The  angle  of  incidence  accordingly 
increases  from  one  layer  to  the  other,  and  ultimately  reaches  the  critical 
angle,  beyond  which  internal  reflection  succeeds  to  refraction  (540).  The 
ray  then  rises»  as  seen  in  the  figure,  and  undergoes  a  series  of  succesM^'e  re^ 
fractions,  but  in  the  direction  contrary  to  the  first,  for  it  now  passes  thrcHifl 
layers  which  arc  gradually  more  refracting.  The  luminous  ray  then  rea 
the  eye  with  the  same  direction  as  if  it  had  proceeded  from  a  point  1 
the  ground,  and  hence  it  gives  an  inverted  image  of  the  object,  just  as  tf  It  ' 
had  been  reflected  at  the  point  O,  from  the  surface  of  a  tranquil  lake. 

The  effect  of  the  mirage  may  be  illustrated  artificially,  though  feebly,  as 
Dr  Wollaston  showed,  by  looking  along  the  side  of  a  red-hot  poker  at  a  word 
or  object  ten  or  twelve  feet  distant.  At  a  distance  less  than  thrcC'Ctghth*  of  j 
an  inch  from  the  line  of  the  poker,  an  inverted  image  was  seen,  and  wrthtn 
and  without  thai  an  erect  image.  A  more  convenient  arrangement  than  a 
red-hot  poker  is  a  flat  box  closed  at  the  top  and  filled  with  red-hot  charcoal. 

Mariners  sometimes  see  inverted  images  in  the  air  of  ships  and  dt^taat 
objects  which  are  still  under  the  horizon  ;  this  is  due  to  the  same  cauM}f 
the  mirage,  but  is  in  a  contrary  direction.  The  lower  layers  of  the  air  1 
in  contact  with  the  water  are  cold  and  dense.  The  rays  of  an  object,  a  i 
for  instance,  bent  in  an  upward  direction  are  more  and  more  bent  awTiy  from 
the  vertical  as  they  are  continually  passing  into  gradually  less  •'  "r%^ 

and  ultimately  fall  so  obliquely  on  an  upper  attenuated  layer  '  irt 

totally  reflected  downwards,  and  can  thus  reach  tlic  eye  of  ar  be 

sea  or  on  the  shore.   Scoresby  observed  several  such  cases  1  it. 

The  twinkling  or  scintillation  of  the  fixed  stars  is  also  to  be  accounted 
for  by  alterations  in  the  direction  of  the  motion  of  their  lik^hl  due  to  rrfr^rtiffca 
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542.  MadtA  wltto  pasmllel  Ikoea.— When  light  traverses  a  medium  1 

parallel  faces  the  emergent  rays  are  parallel  to  the  incident  rays. 

Let  MN  (fig.  457)  be  a  glass  plate  with  parallel  faces*  let  SA  be  ^ 
Incident  and  DB  the  emergent  ray,  /  and  r  the  angles  of  incidence  aitd| 
refraction  at  the  entrance  of  the  ray,  and,  lastly,  i*  and  r"  the  same 

at  its  emergence.    At  A  the  light 

a  first  refraction,  the  index  of  which  U 
(537)»    At  D  it  is  refracted  a  second 

and  the  index  is  then  ^A"  '1     But  we 

sm  r' 
seen  that  the  index  of  rdractioci  of  ^^lai  ( 
air  is  the  recipncical  of  \x%  rcfniction  from  I 

to  glass;  hence  ^i5/^*'" ' 
sinr* 
*"***  *"•  But  as  the  two  norma tv  .^  ,    , 

parallel,  the  angles  r  and  /'  are  equal,  as  being  alternate  interior 
the  nutnerators  in  the  above  equation  arc  equal,  the  det»ORiioaiQa  J 
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^:iLLxI  ;  Uic  angles  r'  and  i  are  therefore  equal,  and  hence  DB  is  parallel 
S.-V. 

S45.  ^rti^— In  optics  a  prt'sm  is  any  transparent  medium  comprised 
1  two  plane  faces  inclined  to  each  other.     The  intersection  of  these 
»  IS  the  tdgeoi  the  prism,  and  their  inclination  is  its  refracting  angle. 
'  section  perpendicular  to  the  edj^c  is  called  a  principal  sedion. 
The    pd^ms    used 
CjqKxiiDenu    are 
illy  riji^t  ttian- 
piiftint  of  glass, 
In  fig.  45S. 
r  principal  sec- 
li  a  trangle  (fig« 
199),     In  this  section 
point  A   is  called 
summit    of    I  he 

mmI  the  right  line   BC  is  called  the  has£ :  these  expressions  have 
DCe  10  the  triangle  ABC»  and  not  to  the  prism. 

FMft  mi  Tmym  In  prtsniA*    A^%le  of  devlatioii,— Wlien  the  laws 

tion  are  known,  the  path  of  the  rays  in  a  prism  is  readily  determined. 

E  0  be  a  luminous  point  (fig.  459)  ii^  the  same  plane  as  the  principal  sec- 

[m  ABC  of  a  prism,  and  let  OD  be  an  incident  ray.     This  ray  is  refracted 

\9  0,  aad  spproac^es  the  normal,  because  it  passes  into  a  more  highly  re- 

y  mtditim.     At  K  it  experiences  a  second  refraction,  but  it  then  de- 

frmn  the  normal,  for  it  passes  into  air,  which  is  less  refractive  than 

{iMa.  The  tight  is  thus  refracted  twice  in  the  same  direction,  so  that  ik^  ray 

*  i^bAJtd  Upwards  the  bast^  and  consequently  the  eye  which  receives  the 

tt0f«Bt  ray  KH  sees  the  object  O  at  O';  that  is,  objects  seen  ikrough  a 

r  d^tttd  i&wards  its  summit.     The  angle  OEX)\  which  the 

emergent  rays  form  with  each  other,  expresses  the  deviation  of 

i  by  the  prism,  and  is  called  ihe  angle  of  dex^iation, 

es  this,  objects  seen  through  a  prism  appear  in  all  the  colours  of 

ow:  this  phenomenon,  known  as  dispersion^  will  be  aftemards 

':ases  with  the  refractive  index  of  the  material  of  the  pnsm, 

'  firactiog  angle.     It  also  varies  with  the  angle  under  which 

•nters  the  prism.     The  angle  of  deviation  increases  up  to 

.  ..tikh  is  determined  by  calculation,  knowing  the  angle  of 

kc  r^y,  and  the  rcfraaing  angle  of  the  prism, 

-  Aogle  of  deviation  increases  with  the  refractive  indeic  may  be 

scaiift  of  the  pt^lypriim.     This  name  is  given  to  a  privin  formed 

risms  of  the  same  angle  connected  at  their  ends  (fig.  460),    These 

made  of  substances  unequally  refringent,  such  as  fiint  glass,  rock 

crown  glaus.     If  any  object— a  line,  for  instance— be  looked  at 

;  fiolyprisni,  its  diflfercnt  parts  are  seen  at  unequal  heights.     Tlie 

fmr^ifm  ti  that  seen  through  the  flint  glass,  the  refractive  index  of 

ii  fvvaleat  ;  fh^n  the  rock  cr>'stal  ;  and  so  on  in  the  order  of  the 

pritm  wti  V  (^gt^  (%«  46 r)  is  used  for  showitig  that  the 
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plates,  so  as  to  close  it  When  water  is  poured  into  the  vessel  the  Mffc 
may  be  varied  at  will  If  a  ray  of  lights  S,  be  allowed  to  fall  upon  one  rf 
them,  by  inclining  the  other  more  the  angle  of  the  prism  ini.rcA$cs,  iod  tk 
deviation  of  the  ray  is  seen  to  increase* 

545.  Applleatloii  of  rl flit. angled  prism*  la  reiiectors«-i»PtJsim«fcai* 
principal  section   is  an  isosceles  right-angled  triangle  afford  an  impontft 

application  of  total  refJectiofi  (540).  r«i 
let  ABC  (fig  462)  be  the  principal  secw 
of  such  a  prism,  O  a  lamtnotts  poioif  ^ 
O  H  a  ray  at  right  anj;lcs  to  the  iiot  iC* 
This  ray  enters  the  glass  without  being  it- 
fractedf  and  makes  with  the  ^ce  A£v 
angle  equal  to  B-^thal  is,  to  4$  defi«»* 
and  therefore  greater  than  the  liniiiV 
' ' -   ^ '  angle  of  glass,  which  is  4 1  *"  48'  ( 540).   H* 

ray  OH  undergoes,  therefore,  at  H  total  reflection,  which  tmpairts  tfl  it  a 
direction  H I  perpendicular  to  the  second  face  AC*  Thtis  the  h>pothBW« 
surface  of  this  prism  produces  the  effect  of  the  most  pctfect  plane  MM 
and  an  eye  placed  at  1  sees  O',  the  image  of  the  point  O.  *rhi»  propefif'  * 
right-angled  prisms  is  frequently  used  in  optical  instruments  and  part 
in  the  prismatic  compass  (697)  instead  of  metal  refiectois,  m^hkh  m 
tarnish.     The  newer  lighthouse  lenses  arc  made  up  of  such  pHims. 

546.  C9iidlti4>ns  of  #iiierveiiee  la  prismm, — In  order  that  any 
rays  refraaed  at  the  first  face  of  a  prism  may  emerge  frora  th 
IS  necessary  that  the  refractive  angle  of  the  prism  be  lew  lit* 
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^of  tbe  substance  of  which  the  prism  is  composed.     For  if  LI 
e  ihc  ray  incident  on  the  first  face,  IE  the  refracted  ray,  PI  and 
trmak,  the  ray  IE  can  only  emerge  from  the  second  face  when 
nt  angle  I£P  is  less  than 
J  angle  <'54C>).     But  as  the 
;uigle    LIN    increases,   the 
also  increases,  while  I  El' 
Hence,  according  as  the 
of  the  ray  LI  tends  to  be- 
llcl  with  the  face  AF5,  does 
nd  to  Giierge  at  the  second 

be  now  parallel  to  AB,  the 
\  then  equal  to  the  critical 
the  prism,  because  it  has  its 

value     Further,   the  angle  y^^-^H 

cjaerior  angle  of  the  triangle  IPE,  is  equal  to  r^i'  i  but  the  angles 
A  aie  equal,  because  their  sides  are  perpendicular,  and  therefore 
therefore  also  A  =  /+  i\  for  in  this  case  r^L  Hence,  if  A  -  2/  or 
\  shall  have  i*^/  or  >/,  and  therefore  the  ray  would  not  emerge  at 
I  £ibcc,  but  would  undergo  internal  reflection,  and  would  emerge  at 
)tf  BC.  This  would  be  much  more  the  case  with  rays  whose  in- 
^  is  less  than  BIN,  because  we  have  already  seen  that  /'  con- 
icreascsv  Thus  in  the  case  in  which  the  refracting  angle  of  a 
iqaal  to  2f  or  is  greater,  no  luminous  ray  could  pass  through  the  faces 
acting  angle. 

critical  angle  of  glass  is  41°  4$%  twice  this  angle  is  less  than  90% 
dingly,  objects  cannot  be  seen  through  a  glass  prism  whose  refract- 
is  a  rigirt  angle.     As  the  cntical  angle  of  water  is  48°  35',  light 
i  tbfongh  a  hollow  rectangular  prism  formed  of  three  glass  plates 
rwltk  miter. 
ippose  A  to  be  greato^  than  /  and  less  than  2/,  then  of  rays  inci- 
within  the  angle  NIB  will  emerge  h-om  AC,  others  will  not 
in  any  emerge  that  are  incident  within  the  angle  NIA.     If  we 
l»ve  any  m^iiiTiirLide  less  than  A  alt  ravs  incident  at  I  n  ithin 
[r  NIB  wiU 
^ocn    AC, 
3fne  of 
Iwith- 
NIA. 


1  in  a  straight  line  AC,  on  a  distant  screen.    But  if  a  ver- 
lioiCfpated  between  the  aperture  and  the  screen,  the  pencil  b 
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deviated  towards  ihc  base  of  the  prism,  and  the  image  is  projected  at  D^ 
some  distance  from  the  point  C.  If  the  prism  be  turned  so  that  the  incidecit 
angle  decreases,  the  luminous  disc  approaches  the  point  C  up  to  a  cenabi 
position,  E,  from  which  it  reverts  to  it^  original  position  even  wheo  the  prism 
is  rotated  in  the  same  direction*  Hence  there  is  a  deviation,  EBC^  less  thui 
any  other.  It  may  be  demonstrated  mathematically  that  this  minimum  dt* 
vititioft  takes  place  when  the  angles  of  incidence  and  of  emergence  are  equal. 
The  angle  of  minimum  deviation  may  be  calculated  when  the  incident 
angle  and  the  refracting  angle  of  the  prism  are  known.  For  when  the 
deviation  is  leasts  as  the  angle  of  emergence  r'  is  equal  to  the  incident  angle 
/  (fig,  463),  r  must  equal  /\  But  it  has  been  shown  above  (546)  that  A  -  r  ^/  ;. 
consequently 

A-2r (|> 

If  the  minimum  angle  of  deviation  LD/  be  called  </,  this  angle  being  tM^ 
terior  to  the  triangle  DIE,  wc  readily  obtain  the  equation 

d»  i~r^  r'—i'^  2/ -  2r, 
whence  d»2i-A  (^ 

which  gives  the  angle  */,  when  /and  A  are  known* 

From  the  formula?  (I)  and  (2)  a  third  may  be  obtained,  which  serves  to 
calculate  the  index  of  refraction  of  a  pnsm  when  its  refracting  angle  and  thm 
minimum  of  deviation  are  known*     The  index  of  refraction,  ir»  is  the  rUb 

of  the  sines  of  the  angles  of  incidence  and  refraction  ;  hence  j»-*^-:i  it* 

stn  r 
placing  f  and  r  from  their  values  in  the  above  equations  (i)  mid  (2)  frr  |Ct 

n*- ^ —    .        *        , 

2 

54^    Measiiremeiit  at  tttm  r^trmetlye  indes  of  »oUds. — By  tneans  i 
the  preceding  formula  (5)  the  refractive  index  of  a  solid  may  be 
when  the  angles  A  and  </  arc  known. 

In  order  to  determine  the  arglc  A,  the  substance  is  cut  in  the  form  of  I 
triangle  prism,  and  the  anyle  measured  by  means  of  a  goniometer  (534)» 

The  angle  1/  is  measured  in  the  following  manner  :— A  ray,  LI,  i 
from  a  distant  object  Tfig.  495),  h  received   on  the  prism^  which  b  1 

in  order  to  obtatnC 
minimum     dr  ' 
EDL'.     By  meftiitl 
a    telescope 
graditftted  ctrdt  1 
angle  EDL'  is 
*>tf,    which    the 


sinl 


■■■sj 


r*Ki 


t  i*.  4&5 


vMtli     :,Uz     ,My    Dt 

the  object ;  now  this  is  the  angle  of  minimum  demlioo,  1 
object  is  io  distant  that  the  two  rays  LI  and  L'D  arei 


\'i^ 
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Tbese  vaJues  then  only  need  to  be  substituted  in  the  equation  (3)  to  give  the 
I  ^valuc  Ol  ff. 

§49,  KMisttTAtnetit  of  tho  reft^oUve  liid«x  of  Uqnidft^^Biot  applied 
Newton's  method  to  determining  the  refractive  index  of  liquids.  For  this 
porpose  a  cylindrical  cavity  O,  of  about  075 
in,  diameter,  is  perforated  in  a  glass  prism^ 
PQ  I  fig-  466),  from  the  incident  face  to  the 
l^ce  of  emergence.  This  cavity  is  closed  by 
two  plates  of  thin  ^lass  which  are  cemented 
on  Uie  sides  of  this  prism.  Liquids  are 
ioiTodiJCed  through  a  small  stoppered  aper- 
lire,  B.  The  refracting  angle  and  the 
^fllnitm  deviation  of  the  liquid  prism  in 
ibt  Clfity  O  having  been  dctemyncd,  their 
f«l«e9  are  introduced  into  the  formula,'^ (3),  which  gives  the  index, 

5^  KaoAttremoat  of  tlie  rerrvcUve  index  of  %%m%%,—K  method  for 

iklf  purpose,  founded  on  that  of  Newton,  was  devised  by  Biot  and  Arago. 

Tbe  iipparatus  which  they  used  consists  of  a  glass  tube  (6g.  467 ),  bevelled  at 

Si  two  ends,  and  dosed  by  glass  plates,  which  are  at  an  angle  of   143^ 

Thatsbe  is  connected  with  a  bell-jar,  H,  in  which  there  is  a  siphon  barometer, 

mJk  with  a  stopcock  "by  means  of  which  the  apparatus  can  be  exhausted,  and 

^ifaeot  gases   introduced.     After   having  ex- 

bBled  the  tube  Ab,  a  ray  of  light,  SA,  is  trans-  O 

ahled,  which   is  bent   away  from   the  normal 

HfMifb  an  angle  r- « at  the  first  incidence,  and 

lipardi  it  through  an  angle  /'-r'at  the  second. 

Utte  two  deviations  being  added,  the  total 

dMitiOfi  d  is  r~i4i'^r*\     In  the  case  of  a 

ainianun    deviation,  i-r'  and  r^i\  whence 

/•  A  -  2/,  since  r  4- 1  -  A  (547).     The  index  from 


to  air,  which 

*  the  value 


is  evidently 


sm  r 


has 


■(■*-■'■ 


)■ 


(•I) 


Hesice,   rn   oiucr   ii>  deduce  the  refractive 
■dex  m  from  %'aamm  into  air,  which   is   the  '*'  *^'' 

4AmiaHi  imdtx  or  principal  index^  it  is  merely  necessary  to  know  the  x^- 
teringnigle  A,  and  the  angle  of  minimum  deviation  d.  To  obtain  the 
^MMc  isdex  of  any  other  gas»  after  having  produced  a  vacuum,  this  gas  is 
i^iodoced  ;  the  anglci  A  and  d  having  been  measured,  the  above  formula 
iNithe  ifidet  oC  refraction  from  gas  to  air  Dividing  the  index  of  refrac- 
te  inm  TacoQOi  10  air  by  the  index  of  refraction  from  the  gas  to  air,  we 
4tasa  llie  iades  of  refraction  from  vacuum  to  the  gas  ;  that  is,  Its  absolute 


Tbe  iq^imre  of  tbe  refractive  index  of  a  substance,  less  unity,  that  is  n'  -  1 
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measures  what  is  called  the  refractive  action.  On  the  undulatory  theory  «* 
is  the  density  of  the  ether  in  the  medium,  when  i  is  the  density  cf  the  ether 
in  a  vacuum.  The  refractive  action  is  therefore  a  measure  of  the  excess  of 
the  density  of  the  ether  in  the  refractingfi  medium.    The  refractive  actioa 

divided  by  the  density,  or  — -   ,  is  called  the  absolute  refractive  power. 


Table  of  refractive  indices. 


Diamond   .                2 

•470  to  2750 

Plate  glass,  St  Gobin 

Rutilc 

.      2-616 

Rock  crystal . 

Phosphorus 

.       2-224 

Rock  salt       . 

Sulphur 

.       2215 

Turpentine    . 

Ruby 

.        1779 

Alcohol 

Flint  glass  . 

1702 

Albumen 

Bisulphide  of  carbon  . 

.        1-678 

Ether    . 

Iceland  spar,  ordinary 

ray.      1-654 

Crystalline  lens 

Iceland  spar,  extraordinary 

Vitreous        „ 

ray  . 

.      1483 

Aqueous       „ 

Crown  glass 

.      1-608 

Water    . 

Oil  of  cassia 

I -600 

Ice 

Refractive  indices  of  gases. 

Vacuum 

I  000000 

Carbonic  acid  . 

Hydrogen 

1000138 

Hydrochloric  acid    . 

Oxygen . 

1-000272 

Nitrous  oxide  . 

Air         .         . 

I  -000294 

Sulphurous  acid 

Nitrogen 

1*000300 

Olefiant  gas 

Ammonia 

1-000385 

Chlorine   . 

. 

v^7 

r54S 
1*471 

1-360 

I-3S7 
1-310 


ItX)OW 
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LKNSES.  THEIR  EFFECTS. 

551.  Bifferent  kinds  of  lenses. — Lenses  are  transparent  media  wfaidr 
from  the  curvature  of  their  surfaces,  have  the  prop)ert>'  of  causing  thelumino* 
rays  which  traverse  them  either  to  converge  or  to  diverge.  Accordingly 
their  curvature  they  are  either  spherical^  cylindrical^  elliptical^  or  parMk, 
Those  used  in  optics  are  always  exclusively  spherical.  They  are  commoolf 
made  either  of  crown  glass,  which  is  free  from  lead,  or  of  fiint  glass,  wbick 
contains  lead,  and  is  more  refractive  than  crown  glass. 

The  combination  of  spherical  surfaces,  either  with  each  other  or  wilk 
plane  surfaces,  gives  rise  to  six  kinds  of  lenses,  sections  of  which  are  ft|i*- 
sented  in  fig.  468  ;  four  are  formed  by  two  spherical  surfaces,  and  two  lift 
plane  and  a  spherical  surface. 

A  is  a  double  convex,  B  is  a  plano-convex,  C  is  a  converging  €$mc^^ 
convex,  D  is  a  double  concave,  E  is  a  plano-concave,  and  F  is  a  divtrgitg 
concavo-convex:  The  lenses  C  and  F  are  also  called  meniscus  lenses,  &>• 
their  resemblance  to  the  crescent-shaped  moon. 

The  first  three,  which  are  thicker  at  the  centre  than  at  the  borders,  il^ 
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Fi(.  468. 


rging ;  the  others,  which  are  thinner  in  the  centre,  are  diverging.     In 
rst  group  the  double  convex  lens  only  need  be  considered,  and  in  the 
d  the  double  concave, 
\  properties  of  each  of        ^  ]|         ^  B  E  F 

lenses    apply   to    all 
of  the  same  group. 

lenses  whose  two  sur* 
are  spherical,  the 
is  for  these  surfaces  are 
.  centres  of  curvature^ 
the  right  line  which 
s  through  these  two 
s  15  the  princifHil  axis.  In  a  plano-concave  or  plano-convex  lens  the 
pal  axis  is  the  perpendicular  let  £all  from  the  centre  of  the  spherical 
n  the  plane  face. 

order  to  compare  the  path  of 
inous  ray  in  a  lens  with  that 
>rism,  the  same  hypothesis  is 
as  for  curved  mirrors  (525) ; 
t,  the  surfaces  of  these  lenses 
ipposed  to  be  formed  of  an 
y  of  small  plane  surfaces  or 
Dts  (fig.  469) :  the  normal  at 
Mnt  is  then  the  perpendicular 
\  plane  of  the  corresponding 
Dt  It  isa  geometrical  principle 
H  the  normals  to  the  same 
cal  surface  pass  through  its 
',  On  the  above  hypothesis 
n  always  conceive  two  plane 
es  at  the  points  of  incidence 
mergence,  which  are  inclined 
:h  other,  and  thus  produce 
Tcct  of  a  prism.  Pursuing 
omparison,  the  three  lenses 
and  C  may  be  compared  to 
ession  of  prisms  having  their 
its  outwards,  and  the  lenses 

and  V  to  a  series  having 
summits  inwards :  from  this 
t  that  the  first  ought  to  con- 

the  rays,  and  the  latter  to 
le  them,  for  we  have  already 
that  when  a  luminous  ray 
ses  a  prism  it  is  deflected 
Is  the  base  (536). 
L  rod  la  doable  ooiiTez  lenses, 

the   refracted   rays, 


FlK.  4'^;. 


The  focus  of  a  lens  is  the  point 
or   their   prolongations,  meet.     Double  convex 
have  both  real  and  virtual  foci   like  concave  mirrors. 


Real  f&cL — Wc  shall  first  consider  the  case  in  which  the  luinmaus  jwf% 
which  fall  on  the  lens  are  parallel  to  its  principal  axisj  as  shown  in  lip. 
470.     In  this  case^  any  incident  ray,  LB,  in  approaching  the  normal  of  the 

point  of  incidence  11, 
and  in  divcr^ng  from  it 
at  the  point  of  emergence 
D,  is  twice  refracted  t€>- 
wards  the  axis«  whkb  it 
cuts  at  F.  As  alt  xvf% 
parallel  to  the  axis  ftre 
refracted  in  the  same 
manner,  it  can  be  shcyvn 
*■*«.  470.  by  calculation  thai  tbef 

all  pass  very  nearly  through  the  point  F,  so  long  as  the  arc  DE  docs  not 
exceed  lo**  to  12^  This  point  is  called  the  principal  /oats ^  and  the  dis- 
tance FA  is  the  principtU  focal  distance.  It  is  constant  in  the  same  leB% 
but  varies  with  the  radii  of  curvature  and  the  index  of  refraction.  In 
nary  lenses,  which  are  of  crown  glass,  and  in  which  the  radii  of  the 
surfaces  are  nearly  equal,  the  principal  focus  coincides  very  closdy  with 
centre  of  curvature. 

We  shall  now  consider  the  case  in  which  the  luminous  point  is  ootsidetbe 
principal  focus, 
but  so  near  that 
all  incident  rays 
form  a  divergent 
pencil,  as  shown 
in  fig.  471.  The 
luminous  point 
being  at  L,  by 
comparing  the 
path  of  a  di- 
verging ray»  LB,  »■  ««►  *7» 

with  that  of  a  ray,  SB,  parallel  to  the  axis,  the  former  is  found  to  tnkke  w^ 
the  normal  an  angle,  LB;^,  greater  than  the  angle  SBw  ;  consequently*  A/te^ 
traversing  the  lens,  the  ray  cuts  the  axis  at  a  point,  /,  which  is  more  diitasi 

Thjui  the  pnDcipil 
fortis  F.  Ai  «fl 
r-iv=i  f root  tbe  pc«K 

is  the  t^mjmi^ 
foeui  of  the  |»i«J 
L  ;  ihii  term  lw» 
the  iainc  moviaf 


riR.  47.. 


here  *»  tn  the  «» 


igf  mirrors,  and  expresses  the  relation  existing  between   the  two  poibti  L 
^bid  ly  which  is  of  such  a  nature  that,  if  the  luminous  point  i%  moved  to  A 
the  focus  pa^sses  to  L- 
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Acootdiiig  as  ihc  luminous  poiDt  comes  nearer  the  lens,  the  convergence 
<di  the  cmeti^au  rays  decreases,  and  the  focus  /  becomes  more  distant ; 
the  ftotnt  L  coin* 
with  the  principal 
the  emergent  rays 
181  the  offher  side  are 
pemlld  10  the  axis,  and 
lin«  is  no  locus,  or,  what 
It  the  wamt,  thing,  it  is 
uteiteljr  distant.  As  the 
fcfactext  lays  are  parallel 
sthbcis^  the  intensity  h.  ^^ 

of  %hlcni)y  decreases  slowly,  and  a  simple  lamp  can  illuminate  great  dis- 
naceik.  It  is  merely  necessary  to  place  it  in  the  focus  of  a  double  convex 
iaii  as  shown  in  fig*  47^- 

Viwiti^facL — A  double  convex  lens  has  a  virtual  focus  when  the  luminous 

^kifttX  il  placed  between  the  lens  and  the  principal  focus^  as  shown  in  lig.  473. 

la  tUa  caue  the  incident  rays  make  with  the  normal  greater  angles  than  those 

Bada  vkb  the  rays  FI  from  the  principal  iocus ;  hence^  when  the  former 

ays  onefge,  they  move  farther  from  the  axis  than  the  latter,  and  form  a 

^mfiag  paDcil,  HK,  GM*    These  rays  cannot  produce  a  real  focus,  but 

*i.. .-  ..-.^j«*,«^fi^,ns  intersect  in  some  point,  /,  on  the  axis,  and  this  point  is 

'f  the  point  L  (514). 

w^vt  la  dattbl«  coneaTe  leases.— In  double  concave  lenses  there 

^  rirtual  foci,  whatever  the  distance  of  the  object*     Let  SS'  be  any 

'to  the  axis  (fig.  474);  any  ray  SI  is  refracted  at  the 

iiid  approaches  the  normal  CL    At  the  point  of  emer- 

:cd,  but  diverges  from  the  normal  GC,  so  that  it  is 

%^  erection  which  moves  it  from  the  axis  CC     As  the 

^Maihisis  uLe^  place  for  ever>'  other  ray,  S'KMN,  it  follows  that  the  rays, 

ifttr  ti^ircriiag  the  lens,  form  a  diverging  pencil,  GHMN.     Hence  there  is 

^leal  focus^  btit  the  prolongations  of  these  rays  cut  one  another  in  a  point 

f^  which  is  the  principal  virtual  focus. 


^JK  %i%^ 


la  tha  oue  in  wlikb  the  rays  proceed  ^m  a  pomt,  L  (fig.  475),  on  the 
■l>il  b  fiooBd  hy  the  same  construction  that  a  virtual  focus  is  formed  at  /, 
^iick  i»  hcsntee  the  priticipal  focus  and  the  lens. 

5$4»  fli^atl^MBilal  ^IiiUmihIhwiIihi  of  tli«  prlaelpal  foeiu  of  lMt»e«« — 
^*  dtHMfciie  tha  principal  focus  of  a  convex  tens,  it  may  be  exposed  to 
Ihp  wmt%  rmji  to  that  they  are  parallel  to  its  axis.     The  emergent  pencil 


I>cing  received  on  a  ground  glass  screen,  the  point  lo  which  the  tny%  eom 
verge  is  readily  seen:  it  Is  the  principal  focus.  ( 

Or  an  image  of  an  object  if 
formed  on  a  screen,  their  respectM 
distances  from  which  are  then  tne* 
sured,  and  from  these  distaocc*  thi 
focus  is  calculated  from  the  ** 
formula  (561). 

Wi(h  a  double  concave  leas,  th 

^ce  aS  (fig,  476)  is  covered  with  «i 

opaque  substance,  such  as 

*****  *'^'  black,  two  small  a|>ertures  a  unA  i 

being  left  in  the  same  principal  section,  and  at  an  equal  distance  hxnm  til 

axis  ;  a  pencil  of  sunlight  is  then  received   on   the  other   face,  mod  tk 

screen  P,  which  receives  the  emergent  rays»  is  moved  nearer  to  or  &itba 

from  the  lens,  until  A  and  B»  the  spots  of  light  from  the  small  aperturvi 

and  ^,  are  distant  from  each  other  by  twice  o^.     The  distance  Ul  is  tM 

equal  to  the  focal  distance  FD,  because  the  triangles  Ftifi  and  FAR  iff 

similar.    Another  method  of  determining  the  focus  of  a  concave  lens  i 

given  in  article  560. 

555.  UptlcAl  centre,  eeeendary  axts. —  In  every  lens  there  19  apoiil 
called  the  optical  centre^  which  is  situate  on  the  axis,  and  which  hftt  Chi 
property  that  any  luminous  ray  passing  through  it  experiences  no 
J  deviation  ;  that  is,  that  the  emergent  ray  is  parallel   to  the   incidcBt  iBft 
l*The  existence  of  this  point  may  be  demonstrated  in  the  following  malms' 
"  Let  two  parallel  radii  of  curvature,  CA  and  C'A'  (fig.  477)*  be  drawn 
I  two  surfaces  of  a  double  convex  lens.     Since  the  two  plane  elements 
lens  A  and  A'  are  parallel,  as  being  perjiendicular  to  two  parallel  right 
it  will  be  granted  that  the  refracted  ray  AA'  is  propagated  in  a 
J  with  parallel  faces.    Hence  a  ray  KA,  which  reaches  A  at  such  an  ti 
Ithat  after  refraction  it  takes  the  direction  AA',  will  emerge  paraltei  to  i 
direction  (542)  ;  the  point  O,  at  which  the  right  line  cuts  the  axis,  W 
fore  the  optical  centre.     The  position  of  this  i>oint  may  be  delentiir-fi- 
thc  case  in  which  the  curvature  of  the  two  faces  is  the  same,  whidi 
usual  condition,  by  observing  that  the  triangles  COA  and  C%)A'  are 


Ki^. 


and  therefore  that  OG  -  OC,  which  gives  the  point  O*     If  the  i 
□equal,  the  triangles  COA  and  CO'A'  are  similar^  and  either  CO  or  j 
f  found,  and  therefore  also  the  point  0« 


Fortnaiwn  of  Images  in  Double  Convex  Lenses. 

In  dotible  concave  or  concavo-convex  lenses  the  oplical  centre  may  be 
dteU-J  mined  by  the  same  construction.  In  lenses  with  a  plane  face  this  point 
b  af  tbe  mtcrsectiun  of  the  axis  by  the  curved  face. 

E*^iy  rtght  line  PP'  (fig.  478},  which  passes  through  the  optica)  centre 
pftsstng  through  the  centres  of  curvature,  is  a  secondary  nxis.  From 
of  the  optica]  centre,  every  secondary  axis  represents  a  luminous 
f«ctilttieftrriy  passing  through  this  point :  for,  from  the  slight  thickness  of  the 
}mma^  it  may  be  assumed  that  rays  passing  through  the  optical  centre  arc  in 
•  rifllC  fine  \  that  is,  that  the  small  deviation  may  be  neglected  which  rays 
Cipericaoc  tn  traversing  a  medium  with  parallel  faces  (%.  457). 

So  long  as  the  secondary  axes  only  make  a  small  angle  with  the  principal 
mukt  ill  Ctifll  has  hitherto  been  said  about  the  principal  axis  is  applicable  to 
tlimt  is,  that  rays  emitted  from  a  point  P  (iig.  478)  on  the  secondary 
PP*  nearly  converge  to  a  certain  point  of  the  axis  P',  and  according  as 
from  the  point  P  to  the  lens  is  greater  or  less  than  the  principal 
iB^Mice,  the  focus  thus  formed  will  be  conjugate  or  virtual*  This  prin- 
cipie  is  tiie  basis  of  what  follows  as  to  tlie  formation  of  images. 

5516k  Wwk  wilon  of  Intiic^efl  In  donMe  eoinr««  leiLsea.— In  lenses,  as  well 
the  image  of  an  object  is  the  collection  of  the  foci  of  its  several 
hence  the  images  furnished  by  lenses  are  real  or  virtual  in  the  same 
an  the  fxri,  and 
COflilniction 
itadf  into 

0f  a  leries  of 
the 
cue  witSi   mirrors 

\m  AB  (fig.  479) 
%t  placed   beyond 

te  priocip^  foots*  If  a  secondary  axis,  A/t,  be  drawn  from  the  outside 
piat  At  any  ray  AC,  6roiro  this  point,  will  be  twice  refracted  at  C  and 
Hi,  mA  bolli  times  in  tbe  same  direction  approaching  the  secondar>'  axis» 
•ydi  ll  cuH  at  It.  From  what  has  been  said  in  the  last  paragraph,  the 
•Ifccr  rayi  from  the  point  A  «nU  intersect  in  the  point  a,  which  is  accordingly 
lW  Gpopgaie  fbcu9  of  the  point  A  If  the  secondary  axis  be  drawn  from 
^  point  B|  \t  will  be  seen,  in  like  manner,  that  the  rays  from  this  point 
nttna0  io  tbe  point  b\  and  a^  the  points  between  A  and  Fi  have  their 
•id  htpuail  m  and  ^,  a  real  but  imrerUd  image  of  AB  will  be  formed  at  ab, 
T«  m^  tfais  image,  it  may  be  received  on  a  white  screen,  on  which  it  will 
Vt  dtpifiicd,  or  ibe  eye  may  be  placed  in  the  path  of  the  ra>*s  emerging 


t  i«*  47*^ 


if  ^  n^ere  the  luminous  or  illuminated  object  its  image 
bs  isnMd  at  AB.  Two  consequences  important  for  the  tlieory 
ilnptltlf  ittiUBBicnts  follow  from  this  :  that,  isl,  if  an  t^jfit,  evtn  a  very 
Ap|r  0mf^  is  mi  a  tmfidtni  distance  from  a  double  convex  lem^  the  real  and 
■HiJi&n#  f'aayr  vkUA  is  Stained  of  it  is  very  small— it  is  near  the  prin- 
dfulfivmt^  §mi  s^meu^kai  farther  from  the  lens  than  this  is  ;  2nd,  if  a  very 
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small  object  be  placed  near  the  principal  focvs^  but  a  littU  in  frcnt  etf  O^ 
the  image  which  Is  formed  is  at  a  great  distance — //  is  much  larger^  and  tk&$ 
in  proportion  as  the  object  is  near  the  principal  foats.  In  all  cases  I  he  object 
and  the  image  are  in  ihc  same  proportion  as  their  distances  from  the  lens. 

These  two  principles  are  experimentally  confirmed  by  receiving  on  a 
screen  the  image  of  a  lighted  candle,  placed  successively  at  various  dtst^mccs 
from  a  double  convex  lens. 

ii.  Virtual  image.  There  is  another  case  in  which  the  object  AB  {fig.  4S0) 
ts  placed  between  the  lens  and  its  principal  focus.  If  a  secondary  axis  C*«r 
be  drawn  fmm  the  pnint  A.  even-  ray  AC.  after  hnvini^  been  t\*nce  refracted^ 

di  targes  finoA 
this  axis  an 
emerging,  since 
the  point  A  v 
at  a  less  dis- 
tance than  tbe 
principal  local 
distance  (|p)^ 
This  ny,  com- 
tinued  in  ifl 
opposite  diffc- 
^  «*  '"^  tiun,  wfll  cut  tht 

axis  Oa  m  the  point  cl^  which  is  the  virtual  focus  of  the  point  A.  Tncnv 
the  secondary  axis  of  the  point  B,  it  will  be  founds  in  the  saaie  tBMSBm% 
that  the  virtual  focus  of  ibis  point  is  formed  at  b.  There  is^  tlitfflbn^tt 
image  of  AD  at  ab*  This  is  a  virtual  image;  it  is  erect ^  ^md  iargtr  ikm 
object. 

The  magnifying  power  is  greater  in  proportion  as  the  lens  \%  more 
vex,  and  the  object  nearer  the  principal  focus.     We  shall  presently  show 
the  magnifying  power  may  be  calculated  by  means  of  the  formal* 
to  lenses  (561).     Double  convex  lenses,  used  in  this  manner  as 
glasses,  are  called  simple  microscopes, 
^^^  557.  VormattoQ  of  Imaces  In  double  eoBOATO  ]oao#o. — Doable 

^^H        cave  lenses^  like  convex  mirrors,  only  give  virtual  images^  whatever 
^^"        distance  of  the  object. 

I  Let  .\B  (6g.  481)  be  an  object  placed  in  front  of  such  a  lens^    If 

I  secondary  axis  AO  be  dran^ 

r 


this  point  are  twice  reacted  ta*^ 
same  direction,  divcrginif  fro©  ^ 
axis  AO  ;  so  that  the  eye,  te^ieTfiaC 
the  emergent  mys  DE  afwl  OH, 
supposes  them  to  [nocccd  6^sl^ 
point  where  their  pfoloQfBtMi  ^ 
the  secondary  asds  AO  to  tht  fi^ 
a.     In    like    nyuweTt  dimmn. 


scrondaiy  auris  from  the 
^ '*^  *  '  the  rays  fironn  this  point  liorDi  A f 

al  of  divergent  rays  the  directions  of  which^  prolonged,  intersect  in  k  H«« 


Splurical  A  berration^     Caustics. 
►  eye  sees  at  ^  a  virtual  image  of  AB,  'which  is  always  ertct^  and  smaiUr 

JjS.    SplMfiottl   mtoerration.    Caastlcs.^ — In   speaking  about  foci^  and 

:  the  images  formed  by  different  kinds  of  spherical  lenses,  it  has  been 

'  %9lfaerto  assumed  that  the  rays  emitted  from  a  single  point  intersect  also 

after  refraction  in  a  single  point     This  is  virtually  the  case  with  a  lens  whose 

m^erture ~-^ihAl  is,  the  angle  obtained  by  joining  the  edges  to  the  principal 

liQQS — does  not  exceed  lo^  or  12". 

Where,  however,  the  aperture  is  larger,  the  rays  which  traverse  the  lens 
near  the  edge  are  refracted  to  a  point  F  nearer  the  lens  than  the  point  G^ 
vydi  ts  the  focus  of  the  rays  which  pass  near  the  axis.  The  phenomenon 
fini  produced  is  named  spherical  aberration  by  rtfracHon  ;  It  is  analogous 
to  1^  sphcfkat  aberration  produced  by  reflection  (533).  The  luminous  sur- 
faces tetned  by  the  intersection  of  the  refracted  rays  are  termed  caustics  by 

Spl>ei4f^Y  aHerration  is  prejudicial  to  the  sharpness  and  definition  of  an 
m^i,  'n)d  glass  screen  be  placed  exactly  in  the  focus  of  a  lens, 

i«  vil  be  sharply 

Maed      io      the 

sBdJc,    but    uidi 

Kan  at  die  td^^  , 

aaA,  vu^  tuni^  if 

ileeBace  ia  sharp 

«Aeed0eiittwtt) 

leittdttriiiit  in  the 

eoKre,  l^is  defect 

m  fefy  olijectlon- 

aMc.   mote    espe* 

cMf  in  lesia^  Qsed 

iepbotogi^pby.  It 

b  paciiaDy  obviated  by  placing,  in  front  of  the  lenses,  diaphragms  provided 

«tt  a  coilxa]  aperture^  called  staps^  which  admit  the  rays  passing  near  the 

<»t»  int  eut  off  those  which  pass  near  the  edges.    The  image  thereby 

\m  iffli^  I  ftbarper  and  more  distinct,  though  the  iUumination  is  less. 

If  a  ao^en  be  held  between  the  light  and  an  ordinary  double  convex  lens 
«kkk  qosfr  cover*  the  lens,  but  has  two  concentric  series  of  holes,  two  images 
«i  obtained,  and  may  be  received  on  a  sheet  of  paper.  By  closing  one  or 
tin  i«her  aeriei  of  holes  by  a  flat  paper  ring  it  can  be  easily  ascertained 
vlidi  iBiafe  arisef  from  the  central,  and  which  from  the  marginal  rays. 
Wkw  the  ftt|ier  ta  at  a  small  distance  the  marginal  rays  produce  the  image 
•  a  point,  and  the  central  ones  in  a  ring  ;  the  former  are  converged  to  a 
piR^a&d  the  latter  not.  At  a  somewhat  greater  distance  the  marginal  rays 
laitiat  a  rifif«  and  the  central  ones  a  point.  It  is  thus  sho^-n  that  tlie  focus 
^te  nargiQal  rays  i^  nearer  the  lens  than  that  of  the  central  rays. 

tBvesligation  shows  that  convex  lenses  whose  radii  of  cur* 
JA  the  ratio  expressed  by  the  formula 
r  ^  4  -  2ft^  ♦  n 
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are  most  free  from  spherical  aberration,  and  are  called  lenses  of  hest  /^rmi 
in  this  formula  r  is  the  radius  of  curvature  of  the  foci  turned  to  ihc  paLraQeli 
rays,  and  t\  that  of  the  other  face,  while  n  is  the  refractive  index.     Thus,] 

with  a  glass  whose  refractive  index  is  ^,  r,  *6r.     Spherical  aberration  is 

also  destroyed  by  substituting  for  a  lens  of  short  focus  two  lenses  of  double 
focal  length,  which  are  placed  at  a  little  distance  apart.  Greater  len^^th  of  ! 
focus  has  the  result  that  for  the  same  diameter  the  aperture  and  also  the  aber- 
ration are  less  ;  and  as  it  is  not  necessary  to  stop  a  great  part  of  the  Jens 
there  is  a  gain  in  luminosity,  which  is  not  purchased  by  indistinctness  of  the 
images,  while  the  combination  of  the  two  lenses  has  the  same  focus  as  ikit 
of  the  single  lens  (560).  Lenses  which  are  free  from  spherical  aberration  are 
called  aplanatic. 

559,  rormulae  relatinr  to  ]eti»e«« — In  all  lenses  the  relations  betweea 
the  distances  of  the  image  and  object,  the  radii  of  curvature,  and  the  refritc- 
tive  index,  may  be  expressed  by  a  formula.     In  the  case  of  a  double  convei 


lens,  let  P  be  a  luminous  point  situate  on  the  axis  ^ng,  483),  ki  I  ' 
cidcnt  ray,  IE  its  direction  within  the  lens,  EP'  the  emergent  r:i^ 
is  the  conjugate  focus  of  P.     Further,  let  C'l  and  CE  be  the  n* 
points  of  incidence  and  emergence,  and  IPA  be  put  equal  to  (^  ' 

ECA'-y,  IC'A-a,  NIP-i,  EIO  =  r,  lEO-i',  N'EP'-r. 

Because  the  angle  1  is  the  exterior  angle  of  the  triangle  PIC\  ind  At 
angle  f*  the  exterior  angle  of  the  triangle  CEP',  therefore  i  •»«♦!»  ^ 
r* ^y-k-^y  whence 

But  at  the  |Knnt  I,  sin  i^n  sin  r,  and  at  the  point  E,  sin  r -n  sin  i 
being  the  refractive  index  of  the  lens.      Now  if  the  arc  Al  is  only  ^ 
number  of  degrees,  these  sines  may  be  considered  as  pruportloaal  **>  ^ 
angles  /,  r,  !*»  and  ^ ;  whence,  in  tlic  above  formula,  we  may  replace  tbc  "^ 
by  their  angles,  which  gives  i^nr  and  r* ^m\  from  which  i^f**^n 
Further,  because  the  two  tri;mgles  lOE  and  COC  have  a  coititnoo 
angle  O,  therefore  r+r-yi-d,  from  which  i^f^^n  (ytd).     IntrodJ*:^ 
this  value  into  the  equation  (1)  we  obtain 

/I  (y  +  &)  -  rt  + /S  +  >  4  d,  from  which  (n  - 1)  (y  4- *)  -  n  ♦  ^ 

Let  CA'  be  denoted  by  R,  C'A  by  R\  PA  by  A  ««<*  P'A'  by  p\  T1»i 
witJ)  centre  P  and  radius  PA  describe  the  arc  hd^  and  with  centre  Y  tt^ 


Therefore  by  substitution  in  (2),  (» - 1)  (^^  +  ^^,)  -  -:-  +  -/. 
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radius  P'A'  describe  the  arc  A'if.  Now  when  an  angle  at  the  centre  of  a 
circle  subtends  a  certain  arc  of  the  circumference,  the  quotient  of  the  arc 
divided  by  the  radius  measures  the  angle  ;  consequently 

hd   ^^  \d    f.     K'n        A'E  ^.  y     AI 
a.—   or    -,  a-^-,y.-j^,and«=_. 

A//^A'» 

Now  since  the  thickness  of  the  lens  is  very  small,  the  angles  are  also  small, 
and  Kd^  AI,  A^  K'n  differ  but  little  from  coincident  straight  lines,  and  are 
therefore  virtually  equal.    Hence  the  above  equation  becomes 

^-^q^rO-j*;-'  •  •  •  .  (3) 

This  is  the  formula  for  double  convex  lenses ;  \{p  be  -  00— that  is,  if  the  rays 
vt  pflualle] — ^we  have 

L      f  being  die  principal  focal  distance.     Calling  this/  we  get 

(«-)(r*R')=/        •         •         •         .         (4) 

:>•«!  which  the  value  of  /  is  easily  deduced.     Considered  in  reference  to 
^ioation  (4),  the  equation  (3)  assumes  the  form 


1-  ^     1 
P    P'7 


(5) 


*«*»ich  is  that  in  which  it  is  usually  employed.    When  the  image  is  virtual, 
P  changes  its  sign,  and  formula  (5)  takes  the  form 

J  I  '  /-CN 

rr/ ^'^ 

In  double  concave  lenses  /'  and  /retain  the  same  sign,  but  that  of/ 
'•"ingcs  ;  the  equation  (5)  becomes  then 

/-/'■-; ^^) 

The  equation  fj)  may  be  obtained  by  the  same  reasonings  as  the  other. 

;6o.  emmMmmXL9m  of  lenses. — If  parallel  rays  fall  on  a  convex  lens  .A, 
«hirh  has  the  focal  distance/  and  then  on  a  similar  lens  B  with  the  focal 
Clitanre  /,  at  a  distance  ^from  A,  the  distance  from  the  lens  H  at  which 
the  ima;:f  is  formed  at  F  is 

If  the  lenses  are  close  tojjcthcr,  so  that  dm  o,  then 

I      I      I 
K-/V  = 
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if  the  lenses  have  the  same  curvature,  that  is  f=fy  then  p  •  -^  5  that  b  to 

say,  the  focal  distance  of  the  combination  is  half  that  of  a  single  lens. 

If  the  second  lens  is  a  dispersing  one  of  the  focal  distance  f^  then 

=  -  -  -   -  ^  ;  and  if  the  lenses  are  close  together,  then  « =»  ^  -  >• 
*    /-«    J  ^    f    J 

This  formula  can  be  used  to  determine  the  focal  distance  of  a  concave 
lens,  by  combining  it  with  a  convex  lens  of  longer  focus,  and  then  determining 
the  focal  distance  of  the  combination. 

561.  XalatlTa  marnltadas  of  imafe  and  objaet.  BetanBinatloa  af 
foeus. — From  the  similarity  of  the  triangles  AOB,  aOb  (fig.  479),  we  get 

AB       4t 

for  the  relative  magnitudes  of  image  and  object  the  proportion    -- -.  -  J-^  ; 

ao      p 

I      4/ 
whence   p: -^,  where  AB-0  is  the  magnitude  of  the  object,  and  ab»\ 
O     p 

that  of  the  image  ;  while  p  and  p*  arc  their  respective  distances  firom  the 
lens.     Replacing  p'  by  its  value  from  the  equation  ^  ***  ^  "  i  where  the 

image  is  real,  or  from  the  equation  —-.---  where  it  is  virtual,  we  shall 

P     P      f 

obtain  the  different  values  of  the  ratio  ^  for  various  positions  of  the  object  ^ 
In  the  first  case  we  have  -—  =  — ^ 

Thus  if  p>2f    I>0 

/.2/    I-O 

P<2f     I>0 

In  the  second  case  when  the  image  is  virtual  we  shall  have 

a  -   -  ,  so  that  in  all  cases  1  >0. 
O    f-p 

By  using  the  above  formula  we  may  easily  deduce  the  focal  length  of  a 
convex  lens  where  direct  sunlight  is  not  available.  For  if  it  be  placed  in 
front  of  a  scale,  and  if  a  screen  be  placed  on  the  other  side,  then,  by  altering 
the  relative  positions  of  the  lens  and  the  screen,  a  position  may  be  found  by 
trial,  such  that  an  image  of  the  object  is  formed  on  the  screen  of  exactly  the 
same  size.  Dividing  now  by  4,  the  total  distance  between  the  object  and  the 
screen,  we  get  the  focal  distance  of  the  lens. 

Another  method  is  to  place  on  one  side  of  the  lens,  and  a  little  beyond 
its  principal  focus,  abrightly  illuminated  scale,  which  is  best  of  glass,  on  whid 
a  strong  light  falls  ;  on  the  other  side  a  screen  is  placed  at  such  a  distance 
as  to  produce  a  greatly  magnified  distinct  image  of  the  scale.  Then  if /aod 
L  are  the  lengths  of  the  scale  and  its  image  respectively,  and  d  the  distance 
of  the  screen  from  the  lens, 


Mq 


Laryngoscope, 
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562.  BrtwilBatlBn  or  the  reftmetlTe  tndes  of  a  li%iUd. — By  measure- 
ments of  focal  distance  the  refractive  index  of  a  liquid  may  be  ascertained  in 
cases  in  which  only  small  quantities  of  liquid  are  available. 
One  face  of  a  double  convex  lens  of  known  focal  distance^ 
and  known  curvature  r,  is  pressed  against  a  drop  of  the  liquid 
.D  question  on  a  plate  glass  (fig.  484).  The  liquid  forms 
thereby  a  plano-concave  lens  whose  radius  of  curvature  is  r. 
The  focal  distance  F  of  the  whole  system  is  then  determined 
experimentally  ;  this  gives  the  focal  length  of  the  liquid  lens 
/  from  the  formula 

f"/  /' 
wlulcfrom  thetormuIa_s  (»-i)  ^  we  get  the  value  of  //. 


Fig.  484. 


563.  &uxairoo€opo« — .As  an  application  of  lenses  may  be  adduced  the 
'^ryngosco^e^  which  is  an  instrument  invented  to  facilitate  the  investigation 
'■^ the  larynx  and  the  other  cavities  of  the  mouth.  It  consists  of  a  plano- 
'^ytx  lens  L,  and  a  concave  reflector  M,  both  fixed  to  a  ring  which  can  be 
*ijo5ted  to  any  convenient  lamp  (fig.  485).     The  flame  of  a  lamp  is  in  the 


^  : 
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^"•"/ifol  focus  of  the  lens,  and  at  the  same  time  is  at  the  centre  of  cur\  ature 
"^  the  reflector.  Hence  the  divergent  pencil  proceeding  from  the  lamp  to 
'^  JOi^  is  changed  after  emerging  into  a  parallel  pencil.  Moreover,  the 
?<5al  from  the  lamp,  impinging  upon  the  mirror,  is  reflected  to  the  focus  of 
^  ieas,  and  traverses  the  lens,  forming  a  second  parallel  pencil  which  is 
H;perposed  on  the  first  This  being  directed  into  the  mouth  of  a  patient, 
"jcorj/iirion  may  be  readily  observed. 


\.\. 
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CHAPTER    IV'. 
DtSPEHSION'  AXD  ACHROMATISM. 

564.  ll«oomp<iBttton  of  wtilte  llfflit.     Solar  ftpsctrmu.  -The  f 

menon  of  refraction  is  by  no  means  so  simple  as  we  ha>  e  hithcito  ass 
When  white  lights  or  that  which  reaches  us  from  the  sun,  passes  firoi 
medium  into  another,  */  is  decomposed  into  sever ai  kinds  of  ligkt^ 
menon  to  which  the  name  dispersion  is  given. 

In  order  to  show  that  while  light  is  decomposed  by  refraction, 4 
the  sun*s  rays  SA  (fig.  486)  is  allowed  to  pass  through  a  small  apcrt 

window  shui 
dark  chain b 
pencil  lenda  tdl 
round  and  colo 
image  of  the  i 
K  ;  but  if  a  fliM 
prism,  arranged 
zon tally  be  iijte 
m  its  pati 
i>x\  ctncr 
prism.  becfmwJ 
fractcd  towards 
b;isc%  and  pcd 
on  a  distant  1 
\ertjcal1 
at  the 
in  all  the  lints  of  the  rainbow,  which  is  called  the  solar  spectntm^ 
In  this  spectrum  there  is,  in  rcaUt>%  an  intinity  of  different  lints^  \ 
perceptibly  merge  into  each  other,  but  it  is  customary  to  distin 
principal  colours.  These  are  violet^  indigo^  btue^  gfttn^  yttto^^  j 
red\  they  are  arranged  in  this  order  in  the  spectrum,  the  vjolct  1 
most  refrangible,  and  the  red  the  least  so.  They  Ao  not  all 
equal  extent  in  the  spectrum,  violet  having  the  greatest  extent,  3 
the  least. 

With  transparent  prisms  of  different  substances,  or  wttls 
prisms  filled  with  various  liquids,  spectra  are  obtained  formed  of  I 
colours,  and  in  the  same  order  :  but  when  the  deviation  prodti 
same,  the  length  of  the  spectrum  varies  with  the  substanctr  of  ^ 
prism  is  made.    The  angle  of  separation  of  two  selected  raj  s  {lay  ta  \ 
and  the  violet)  produced  by  a  prism  is  called  the  diMperswrn^  ami  l 
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Production  of  a  pure  Solar  Spectrum, 


this  angle  lo  the  tncAn  deviation  oi  the  two  rays  is  called  the  dispersive  power. 
Tbb  ratio  is  constant  for  the  same  substance  so  long  as  the  refracting  angle 
of  the  prism  is  smalL  For  the  deviation  of  the  two  rays  is  proportional  to 
die  rc6facting  angle  ;  their  difference  and  their  mean  vary  in  the  same 
maimer,  and  therefore  the  ratio  of  their  difference  to  their  mean  is  constant. 
For  flint  glass  this  is  0*045  »  ^^^  crou*n  glass  it  is  0*0246  ;  for  the  dispersive 
povcr  of  flint  is  almost  double  that  of  crown  glass. 

The  spectra  which  are  formed  by  artificial  lights  rarely  contain  all  the 
caloars  of  the  solar  spectrum  ;  but  their  colours  are  found  in  the  solar 
ipectrurn,  and  in  the  same  order.  Their  relative  intensity  is  also  modified. 
Ike  shade  of  colour  which  predominates  in  the  fiame  predominates  also  in 
Ibc  s^H!Ctnifii :  yellow,  red,  and  green  flames  produce  spectra  in  which  the 
<ixiJiTuint  lint  is  yellow,  red,  or  green. 

>'>>  Fr^dactloii  of  m  pore  solar  apectram. — In  the  above  experiment, 

ite»tlie  light  is  admitted  through  a  wide  slit,  the  spectrum  formed  is  built 

ipof  a  series  of  overlapping  spectra,  and  the  colours  are  confused  and  indib- 

l  n  order  to  obtain  a  pure  spectrum,  the  slit,  in  the  shutter  of  the  dark 

tough  which  light  enters,  should  be  from  15  to  25  mm.  in  height  and 

>  3  mm.  in  breadth.     The  sun's  rays  arc  directed  upon  the  slit  by  a 

r  still  better  by  a  heltostat  ^534)-     An  achromatic  double  convex 

»'  \  at  a  distance  from  the  slit  of  double  its  ow*n  focal  length,  which 

_  .,  out  a  metre,  and  a  screen  is  placed  at  the  same  distance  from 

An  image  of  the  slit  of  exactly  the  same  size  is  thus  formed  oi\ 

-.  -oiecn   (561).      If  now   there  is  placed  near  the  lens,  between  it  and 

*•  iCPQcn,  a  prism  with  an  angle  of  about  60'',  and  with  its  refracting  edge 

Klld  to  the  slh,  a  very  beautiful,  sharp,  and  pure  spectrum  is  formed  on 

^  Kfeou     The  prism  should  be  free  from  stria?,  and  should  be  placed  so 

^  it  prodoc«e  the  minimum  deviation. 

§|66w  1lb#  «9lo«f«  of  tbo  opoctram  aro  slmplet  onH  unequally  roftmo- 
Wtw-^lfooe  of  the  colours  of  the  spectrum  be  isolated  by  intercepting  the 
•Jwt  by  means  of  a  screen  E,  as  shown  in  fig,  487,  and  if  the  light  thus 
Mtied  be  allowed  to 
fm  tlvrMigti  a  second 
pmav  ilt  li  refract  inn 
ti  be  obterved,  but 
M  li(lic  remaljis  un- 
*ktied  :   Ihaf   in  Thr 

tUetpenol 

^"-^   to  t^..  ^  *^  ^ 

^c  peocit,  and  so  on.  Hence  the  colours  of  the  spectrum  arc  strnpte ; 
^  [«,  diey  caianoc  be  fortlter  decomposed  by  the  prism. 
Morefivcr,  the  colours  of  the  spectrum  are  unequally  refrangible  ;  that 
%  tbcf  fiQOSeM  different  refractive  indices.  The  elongated  shape  of  the 
^peCKiVBi  Mold  be  tuflflcicnt  to  prove  the  unequal  refrangibility  of  the  simple 
odmmk  te  it  t§  dear  that  the  violet,  which  is  most  defected  towards  the 
Nm  of  tbe  prittlit  ^  ^"  most  refrangible  ;  and  that  red,  which  ts  least  re- 
ledMd,  19  \MseX  r^iraji^ible.    But  the  unequal  refrangibility  of  simple  colours 
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^F^  Ricomposition  of  White  Light.  517 

P  Sacomposltioii  of  w^t«  Uvbi.— Not  merely  can  white  light  be 

i«l  into  lights  of  various  colours,  but  by  combining  the  different  pencils 

tfed  by  the  prism  white  light  can  be  repFoduced.   This  may  be  eflfcctcd 

rmis  wa^'s. 

If  the  spectrum  produced  by  one  prism  be  allowed  to  fall  upon  a  second 

i  id  tliesame  matenai  and  the  same  refracting  angle  as  the  first,  but 

Md*  M  shown  in  fig.   490^  the  latter  reunites  the  different  colours  of 

peetnim,  and  it  is  seen  that  the  emcr- 

pcnol  E^  which  is  parallel  to  the  pencil 

^ciuriess. 

the  spectrum   falls   upon  a  double 

ens  ^6g.  A^))*  a  white  image  of  the 

be  formed  on  a  while  screen  placed 

cus  of  the  lens  ;  a  glass  globe  filled 

prodtlceB  the  same  effect  as  the  ^.-^ 

the  spectrum  falls  upon  a  concave  mirror,  a  white  image  is 
I  a  iCiucn  of  ground  glass  placed  in  its  focus  (fig.  491 1. 
L%bt  may  be  recomposed  b>'  means  of  a  pretty  experiment,  which 
^b  ftcovifig  the  seven  colours  of  the  spectrum  on  seven  small  glass 


aeans 


pUfie  fiiceSf  and  which  can  be  so  inclined  in  all  positions  that 

hgbt  raay  be   transmitted  in  any  given    direction    (fig.  49^'- 

are  suitably  arran^i^cd.  the  seven  reelected  pencils  may 

Ul\  on  the  ceilint»%  in  such  a  manner  as  to  form  seven  distinct 
onuige,  yellon,  Set.     When  the   mirrors  are  moved  so  that 

Images  become  superposed,  a  single  image  is  obtained^  whidi 


of  A'm'ions  disc  ^'fig.  493)  it  may  be  shown  that  the  seven 

file  specttum  fonn  white.     This  is  a  cardboard  disc  of  about  a 

;  the  centre  and  the  edges  are  covered  w4th  black  paper* 

between  there  arc  pasted  strips  of  paper  of  the  colours  of 

Tliey  proceed  from  il»e  centre  to  the  circumference*  and  their 
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relative  dimensions  and  tints  are  such  as  to  represent  fixt^  spectni  (fi^*  494^ 
When  this  disc  is  rapidly  rotated,  the  effect  is  the  same  as  if  the  retina  re- 
ceived simultaneously  the  impression  of  the  seven  colours, 

vi.  If  by  a  mechanical  arrangement  a  prism^  on  which  the  sun's  light 
falls,  is  made  to  oscillate  rapidly,  so  that  the  sj>ectrum  also  oscillates,  the 
middle  of  the  spectrum  appears  while. 

These  latter  phenomena  depend  on  the  physiological  fact  that  sensailion 
always  lasts  a  little  longer  than  the  impression  from  which  it  results  (625). 
If  a  new  impression  is  allowed  to  act,  before  the  sensation  arising  from  the 
former  one  has  ceased,  a  sensation  is  obtained  consisting  of  two  impressians. 
And  by  choosing  the  time  short  enough,  three,  four,  or  more  impressioTis 
may  be  mixed  \^ith  each  other.     With  a  rapid  rotation  the  disc  >  fig-  495) 
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fig.  4^1* 

is  nearly  white.     It  is  not  quite  so,  for  the  colours  cannot  be  exactly  a 
in  the  same  proportion  as  those  in  which  they  exist  in  the  spectna^l 
mottos'^T pigtncnt  colours  are  not  pure  {371). 

56S.  Vewton'a  ftieonr  of  tbe  OfnnpoAltioii  of  Ujbt.— Newton  was'> 
first  to  decompose  white  light  by  the  p)rism,  imd  to  recompose  it.  Frooi  ^ 
various  experiments  which  we  have  described,  he  concluded  IhAt  n'hitt  iii^ 
was  not  homogeneous,  but  formed  of  seven  lights  unequally  icfoqiph^ 
which  he  called  simple  or  pnmtfiir  lights.  Owing  to  the  difllereiioe  it  J^ 
frangibility  they  become  separated  in  traversing  the  prism. 

The  designation  of  the  various  colours  of  the  sf>ectrum  is  to  m  very  fwtf 
extent  arbitrary  ;  for,  in  strict  accuracy,  the  spectrum  i%  made  up  of  in  >>* 
finite  number  of  simple  colours,  which  pass  into  one  another  by  impcrcrpcib'^ 
jp^dations  of  colour  and  refraiigibihty« 
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569.  Ootovrofb^dlM. — The  natural  colour  of  bodies  results  from  the 

£ut  that  one  portion  of  the  coloured  rays  contained  in  white  light  is 

absorbed  at  the  surface  of  the  body.     If  the  unabsorbed  portion  traverses 

the  body,  it  is  coloured  and  transparent ;  if,  on  the  contrary,  it  is  reflected, 

it  is  coloured  and  opaque.     In  both  cases  the  colour  results  from  the 

constituents    which  have  not    been    absorbed.    Those    which    reflect    or 

transmit  all  colours  in  the  proportion  in  which  they  exist  in  the  spectrum 

are  white  ;  those  which  reflect  or  transmit  none  are  black.    Between  these 

two  limits  there  are  infinite  tints  according  to  the  greater  or  less  extent  to 

^hich  bodies  reflect  or  transmit  some  colours  and  absorb  others.    Thus  a 

'x)dy  appears  yellow  because  it  absorbs  all  colours  with  the  exception  of  yellow. 

!n  like  manner,  a  solution  of  ammoniacal  oxide  of  copper  absorbs  preferably 

•he  red  and  yellow  rays,  transmits  the  blue  rays  almost  completely,  the  green 

4od  violet  less  so,  hence  the  light  seen  through  it  is  blue. 

.\ccordingly  bodies  have  no  colour  of  their  own  ;  the  colour  of  the  body 

changes  with  the  nature  of  the  incident  light.    Thus,  if  a  white  body  in  a 

^  room  be  successively  illuminated  by  each  of  the  colours  of  the  spectrum 

'  has  no  special  colour,  but  appears  red,  orange,  green,  &c.,  according  to  the 

'p^/sition  in  which  it  is  placed.     If  homogeneous  light  falls  upon  a  body,  it 

*?pcar»  brighter  in  the  colour  of  this  light,  if  it  does  not  absorb  this  colour  ; 

-ut  bl;ick  if  it  does  absorb  it.     In  the  light  of  a  lamp  fed  by  spirit  in  which 

^•mc common  salt  is  dissolved,  everything  white  and  yellow  seems  bright, 

l^ii?  other  colours,   such   as   vermilion,  ultramarine,  and   malachite,  are 

1 'k.    This  is  well  seen  in  the  case  of  a  stick  of  red  sealing-wax  viewed  in 

-:h  a  li;;ht.     In  the  light  of  lamps  and  of  candles,  which  from  the  want  ot 

-  -*  rays  appear  yellow,  yellow  and  white  appear  the  same,  and  blue  seems 

•t  .Teen.     In  bright  twilight  or  in  moonshine  the  lij^ht  of  gas  has  a  reddish 
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•70.  y^T^^  eolours.     Complementary  o«lears. — By  mixed  colours  we 
•'.dcrsiand  the  impression  of  colour  which  results  from  the  coincident  action 

■  :-*o  or  more  colours  on  the  same  position  of  the  retina.    This  new  im- 
^'^-.on  is  single ;  it  cannot  be  resolved  into 

■  (imponents ;  in  this  respect  it  differs  from 
'  :^:r,plex  sound,  in  which  the  car,  by  practice, 
o  learn  to  distinguish  the  constituents.     Mixed  .^ 
f'ioLrs  may  be  produced  by  Lambert's  method^                        J^ 

*hi'h  ronsiats  in  looking  in  an  oblique  dire<:tion  /  '    ^ . 

'Wjjfh  a  vertical  glass  plate  P  (fig.  495;  at  a 

''oloured  wafer  ^,  while,  at  the  same  time,  a  wafer a^  _  ^^ 

''f  another  colour  ^  sends  its  light  by  reflection  j... 

'onards  the  obser\ers  eye  ;  if  ^  is  placed  in  a 

:^opCT  position,  which  is  easily  found  by  trial,  its  ima;,'c  exactly  coincides 

»ith  that  of  ^.     The  method  of  the  colour  disc    567;  affords  another  means 

<^  producing  mixed  colours. 

A  very  convenient  way  of  investigating  the  phenomena  of  mixed  colours 
ij  :ha:  of  Max-Kcell's  colour-discs.  These  consist  of  discs  of  cardboard  with 
an  aperture  in  the  centre,  by  which  they  can  be  fastened  on  ilie  spindle  of  the 
ranm^-tahle  Tng.  496).  Each  disc  is  painted  with  a  separate  colour,  and, 
ra^in^'  a  radial  slit,  they  may  be  slid  over  each  other  ^o  as  to  overlap  to  any 


I  tiesircd  extent  (figs.  497  and  498)  ;  and  thus,  when  in  this  way  two  such  (Hscs 

■  are  rotated^  we  get  the  effect  due  to  this  mixture  of  these  two  colouis.     It  i& 

^^^        clear  also  that  the  effect  of  three  colours  may  be  investigated  in  the  same  way. 

I  ^^ 

tal 


Fig.  49«* 
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If  in  any  of  the  methods  by  which  the  impression  of  mixed  %] 
colours  is  produced,  one  or  more  colours  be  suppressed,  the  residue  c< 
sponds  to  one  of  the  tints  of  the  spectrum  ;  and  the  mixture  of  the  culoiirs 
taken  away  produces  the  impression  of  another  spectral  colour.  Thus,  tf  in 
fig.  495  the  red  rays  are  cut  off  from  the  lens  L,  the  light  on  the  focus  i%  ai> 
longer  whitc^  but  greenish  blue.  In  like  manner^  if  the  violet,  indi]i^, 
blue  of  the  colour  disc  be  suppressed^  the  rest  seems  yellow,  while  the  mi 
of  that  which  has  been  taken  out  is  a  bluish  violet.  Hence  white  canal 
be  compounded  of  tu^o  tints ;  and  two  tints  which  together  give  white  air 
called  compienutitary  c&lours.  Thus  of  spectral  tints  rfd^jiAgrtemsh  ytlUt^ 
are  complcmentar)-,  so  arc  orange  and  Prussian  blue ;  yeliou*  and  imSf^ 
blue  ;  greenish  yellow  and  violet. 

The  method  by  which  Helmhoits  investigated  the  mixture  of  spectiml 
colours  is  as  follows  :— Two  ver>*  narrow  slits,  A  and  B  (fig*  499)*  At  ri^l 
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angles  to  each  other^  are  made  in  the  shutter  of  a  dark  room  ;  at  a  distioct^ 
from  this  is  placed  a  powerfully  dispersing  prism  with  its  Fcfractiag  < 
vertical     When  this  is  viewed  through   a  telescope  the  slit  B  gives  I 
oblique  spectrum  LM,  while  the  slit  A  gives  the  spectrum  ST,     These  I 
spectra  partially  overlap,  and  when  this  is  the  case  tu^o  konwgeneous  i^ 
colours  mix.     Thus  at  i  the  red  of  one  spectrum  coincides  with  the  greefl  d 
the  other  ;  at  3,  indigo  and  yi^Uow  coincide  ;  and  so  forth. 

When  the  experiment  is  made  with  suitable  precautions,  the  colotm  ob- 
tained  by  mixing  the  spectral  colours  are  given  in  the  table  on  the  neict  page, 
where  the  fundamental  spectra  to  he  mixed  are  given  in  the  tirst  horuMO^ 
and  vertical  column,  and  the  resultant  colours  where  these  cmss^ 

The  mixture  of  mixed  colours  gives  rise  to  no  new  colottrs.  Only  ll* 
same  colours  are  obtained  as  a  mixture  of  the  primitive  spectral  coloun  vaifci 
yields  except  that  they  are  less  saiuraied^  fis  it  is  called  ;  that  is,  more  weak 
with  white. 
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Spectral  Co/ours  and  Pigment  Colours. 
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571.  flp«0lval  •otows  and  ptfmmit  eoioiuni. — A  distinction  must  be 
made  between  spectreU  colours  and  pigment  colours.  Thus  a  mixture  of 
pigment  yellow  and  pigment  blue  produces  green,  and  not  white,  as  is  the 
case  when  the  blue  and  yellow  of  the  spectrum  are  mixed.  The  reason  of 
this  is  that  in  the  mixture  of  pigments  we  have  a  case  of  subtraction  of 
cokwrsy  and  not  of  addition.  For  the  pigment  blue  in  the  mixture  absorbs 
almost  entirely  the  yellow  and  red  light ;  and  the  pigment  yellow  absorbs 
the  blue  and  violet  light,  so  that  only  the  green  remains. 

In  the  above  series  are  two  spectral  colours  very  remote  in  the  spectrum, 
which  have  nearly  the  same  complementary  tints  ;  these  are  red,  the  com- 
plementary colour  to  which  is  greenish  blue ;  and  violet,  whose  complementar>' 
colour  is  greenish  yellow.  Now  when  two  pairs  of  complementary  colours 
ve  mixed  together,  they  must  produce  white,  just  as  if  only  two  comple- 
nentary  colours  were  mixed.  But  a  mixture  of  greenish  blue  and  of  greenish 
Ttflow  is  green.  Hence  it  follows  that  from  a  mixture  of  red,  green,  and 
violet,  white  must  be  formedi  This  may  easily  be  ascertained  to  be  the  case 
by  means  of  a  colour  disc  on  which  are  these  three  colours  in  suitable  pro- 
poctions. 
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From  the  above  facts  it  follows  that  from  a  mixture  of  red,  green,  and 
^^  all  possible  colours  may  be  constructed,  and  hence  these  three  spectral 
•cnours  are  called  \\it  fundamental  colours.  It  must  be  remarked  that  the 
^ts  resulting  from  the  mixture  of  these  three  have  never  the  saturation  of 
tite  individual  spectral  colours. 

We  have  to  discriminate  three  points  in  regard  to  colour.  In  the  first 
piace,  the  /fVf/,  or  colour  proper,  by  which  we  mean  that  special  property 
»hich  is  due  to  a  definite  refrangibility  of  the  rays  producing  it ;  secondly, 
the  saturaiion^  which  depends  on  the  greater  or  less  admixture  of  white  light 
with  the  colours  of  the  spectrum,  these  bein^;  colours  which  are  fully  satu- 
rated ;  and  thirdly,  there  is  the  intensity^  which  depends  on  the  amplitude  of 
ribratioo. 
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572.  Momoffeaooiis  liffHt.— The  light  emitted  from  luminous  bodies 
seldom  or  never  quite  pure  ;  on  being  examined  by  the  prism  it  will  be  fon 
to  contain  more  than  one  colour.  In  optical  researches  it  is  frequently 
great  importance  to  procure  homogeneous  or  vtonochromaHc  light.  Comm 
salt  in  the  flame  of  a  Bunsen's  lamp  gives  a  yellow  of  great  purity.  For  r 
light,  ordinary  light  is  transmitted  through  glass  coloured  with  suboxide 
copper,  which  absorbs  nearly  all  the  rays  excepting  the  red.  A  very  pn 
blue  is  obtained  by  transmitting  ordinary  light  through  a  glass  trough  co 
taining  an  ammoniacal  solution  of  sulphate  of  copper,  and  a  nearly  pure  n 
by  transmitting  it  through  a  solution  of  sulphocyanide  of  iron. 

573.  Froperties  of  tlie  speotnun. — Besides  its  luminous  properties,  tl 
spectrum  is  found  to  produce  calorific  and  chemical  effects. 

Luminous  properties.  It  appears  from  the  experiments  of  FraunboC 
and  of  Herschel,  that  the  light  in  the  yellow  part  of  the  spectrum  has  tl 
greatest  intensity,  and  that  in  the  violet  the  least. 

Heating  effects.  It  was  long  known  that  the  various  parts  of  the  spectral 
differed  in  their  calorific  effects.  Leslie  found  that  a  thermometer  placed  i 
different  parts  of  the  spectrum  indicated  a  higher  temperature  as  it  mofO 
from  violet  towards  red.  Herschel  fixed  the  maximum  intensity  of  tfc 
heating  effects  just  outside  the  red  ;  Berard  in  the  red  itself.  Seebed 
showed  that  those  different  effects  depend  on  the  nature  of  a  prism  ;  wiA  1 
prism  of  water  the  greatest  calorific  effect  is  produced  in  the  yellow ;  wid 
one  of  alcohol  it  is  in  the  orange-yellow  ;  and  with  a  prism  of  crown  glass  i 
is  in  the  middle  of  the  red. 

Melloni,  by  using  prisms  and  lenses  of  rock  salt,  and  by  availing  himsd 
of  the  extreme  delicacy  of  the  thermo-electric  apparatus,  first  made  a  com 
plete  investigation  of  the  calorific  properties  of  the  thermal  spectrum.  Thi 
result  led,  as  we  have  seen,  to  the  confirmation  and  extension  of  Seebed*! 
observations. 

Chemical  properties.  In  numerous  phenomena,  light  exerts  a  chemia 
action.  For  instance,  chloride  of  silver  blackens  under  the  influence  of  ligbt 
transparent  phosphorus  becomes  opaque ;  vegetable  colouring  matters  £Mle 
hydrogen  and  chlorine  gases,  when  mixed,  combine  slowly  in  diffused  ligbi 
and  with  explosive  violence  when  exposed  to  direct  sunlight.  The  diemica 
action  differs  in  different  parts  of  the  spectrum.  Scheele  found  that  whe 
chloride  of  silver  was  placed  in  the  violet,  the  action  was  more  enerjeti 
than  in  any;other  part.  Wollaston  observed  that  the  action  extended  beyo* 
the  violet,  and  concluded  that,  besides  the  visible  rays,  there  are  son 
invisible  and  more  highly  refrangible  rays.  These  are  the  chemical  or  etttim 
rays. 

The  most  remarkable  chemical  action  which  light  exerts  is  in  the  gro«t 
of  plant  life.  The  vast  masses  of  carbon  and  hydrogen  accumulated  ia  tk 
vegetable  world  owe  their  origin  to  the  carbonic  acid  and  aqueous  vapoi 
present  in  the  atmosphere.  The  light  which  is  absorbed  by  the  green  ptf 
of  plants  acts  as  a  reducing  agent  The  reduction  does  not  extend  to  tl 
complete  isolation  of  carbon  and  hydrogen,  and  the  individual  stages  of  d 
process  are  unknown  to  us  ;  but  the  general  result  is,  undoubtedly,  that  imd 
the  influence  of  the  sun's  rays  the  chemical  attraction  which  holds  togcA 
the  carbon  and  oxygen  is  overcome  ;  the  carbon,  which  is  set  free,  a5f«fiy**^ 
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at  that  moment  the  elements  of  water,  forming  cellulose  or  woody  fibre, 
vhile  the  oxygen  returns  to  the  atmosphere  in  the  gaseous  form.  The 
€({uivalent  of  the  sunlight  which  has  been  absorbed  is  to  be  sought  in  the 
'ihemical  energy  of  the  separated  constituents.  When  we  bum  petroleum, 
•v  coal,  we  reproduce,  in  some  sense,  the  light  which  the  sun  has  expended 
in  former  ages  in  the  production  of  a  primeval  vegetable  growth. 

The  researches  of  Bunsen  and  Roscoe  show  that  whenever  chemical 
action  is  induced  by  light,  an  absorption  of  light  takes  place,  preferably  of 
lie  more  refrangible  parts  of  the  spectrum.  Thus,  when  chlorine  and 
hydrogen  unite,  under  the  action  of  light,  to  form  hydrochloric  acid,  light  is 
absorbed,  and  the  quantity  of  chemically  active  rays  consumed  is  directly 
proportional  to  the  amount  of  chemical  action. 

There  is  a  curious  difference  in  the  action  of  the  different  spectral  rays. 
Moicr  placed  an  engraving  on  an  iodised  silver  plate,  and  exposed  it  to  the 
•i^t  tmtil  an  action  had  commenced,  and  then  placed  it  under  a  violet  glass 
in  the  sunlighL  After  a  few  minutes  a  picture  was  seen  with  great  distinct- 
ness while  when  placed  under  a  red  or  yellow  glass  it  required  a  very  long 
nme,  and  was  very  indistinct.  When,  however,  the  iodised  silver  plate  was 
3nt  exposed  in  a  camera  obscura  to  blue  light  for  two  minutes,  and  was  then 
vJToujrht  under  a  red  or  yellow  glass,  an  image  quickly  appeared,  but  not 
*lien  placed  under  a  green  glass.  It  appears  as  if  there  are  vibrations  of  a 
^?rtain  velocity  which  could  commence  an  action,  and  that  there  are  others 
shich  are  devoid  of  the   property  of  commencing;,  but  can   continue  and 

►npleie  an  action  when  once  set  up.  Hecquerel,  who  discovered  these 
;'opcnies  in  luminous  rays,  called  the  foniier  exciting  rays  and  the  latter 

ntinuin^  OT  phosphorogenic  rays.  The  phosphorogenic  rays,  for  instance, 
"ivc  the  property  of  rendering;  certain  objects  self-luminous  in  the  dark 
i-^er  They  have  been  exposed  for  some  time  to  the  light.  Becquerel  found 
''^:it  the   phosphorogenic  spectrum   extended  from   indigo  to  beyond   the 

574.  SarlL  Uses  of  tlie  ■pectrum.--  -The  colours  of  the  solar  spectrum 
*••?  not  continuous.  For  several  i^rades  of  refrangibility  rays  are  wanting, 
Mi  in  consequence,  throughout  the  whole  extent  of  the  spectrum  there  are  a 
-'eat  number  of  very  narrow  dark  lines.  To  obser\'e  them,  a  pencil  of  solar 
^ys  I)  admitted  into  a  darkened  room,  through  a  narrow  slit.  At  a  distance 
i  three  or  four  yards  we  look  at  this  slit  throii;;h  a  prism  of  flint  glass, 
•hich  must  be  very  free  from  flaws,  taking;  care  to  hold  its  edge  parallel  to 
'-e  slh.  We  then  observe  a  great  number  of  very  delicate  dark  lines 
;»4rallcl  10  the  edge  of  the  prism,  and  at  \  er>'  unequal  intervals. 

The  existence  of  the  dark  lines  was  first  observed  by  Wollaston  in  1802  ; 
>-t  Kraunhofer.  a  celebrated  optician  of  Munich,  first  studied  and  gave  a 
:«ailed  description  of  them.  Fraunhofer  mapped  the  lines,  and  indicated 
^  most  marked  of  them  by  the  letters  A,  a,  li,  C,  D,  E,  b,  F,  G,  H  ;  they 
*re  therefore  generally  known  as  Fraunhofer  s  lines. 

The  dark  line  A  ^see  flg4lof  Plate  1.)  is  at  the  middle  and  B  half-way 
■<:»een  this  and  the  end  of  the  red  ray  ;  C  at  the  boundary  of  the  red  and 
'>range  ray  ;  D  is  in  the  yellow  ray  ;  K,  in  the  green  ;  F,  in  the  blue  ;  G,  in 
lie  indigo  ;  H,  in  the  violet.  There  are  certain  other  noticeable  dark  lines, 
-jch  as  a  in  the  red  and  b  in  the  green.     In  the  case  of  sunlight  the  positions 
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has  been  ascertained  that  one  two-himdred-millionth  of  a  grain  of  sodium 
is  enough  to  cause  the  appearance  of  the  yellow  line.  Consequently  it  is  ver> 
difficult  to  avoid  the  appearance  of  this  line.  A  very  little  dust  scattered  in 
the  apartment  is  enough  to  produce  it — a  circumstance  which  shows  how 
abundantly  sodium  is  distributed  throughout  nature. 

No.  3  is  the  spectrum  oHithium.  It  is  characterised  by  a  well-marked 
line  in  the  red  called  Lia,  and  by  the  feebler  orange  line  LL3. 

Nos.  4  and  5  show  the  spectra  of  ccesium  and  ruHdium^  metals  discovered 
by  Bunsen  and  Kirchhoff  by  means  of  spectrum  analysis.  The  former  is 
distinguished  by  two  blue  lines,  Csa  and  Cs/3  ;  the  latter  by  two  very  brilliant 
dark  red  lines,  Rby  and  Rbd,  and  by  two  less  intense  violet  lines,  Rba  and 
RbjS.  A  third  metal,  thailiumy  has  been  discovered  by  the  same  method 
by  Mr.  Crookes  in  England,  and  independently  by  M.  Lamy  in  France. 
Thallium  is  characterised  by  a  single  green  line.  Subsequently  to  this 
Richter  and  Reich  discovered  a  new  metal  associated  with  zinc,  and  which 
they  call  indium  from  a  couple  of  characteristic  lines  which  it  forms  in  the 
indigo  ;  and  quite  recently  Boisbaudran  has  discovered  a  new  metal  which 
he  calls  gallium  existing  in  zinc  in  very  minute  quantities. 

The  extreme  delicacy  of  the  spectrum  reactions,  and  the  ease  with  wfaick 
they  are  produced,  constitute  them  a  most  valuable  help  in  the  qualitatifC 
analysis  of  the  alkalies  and  alkaline  earths.  It  is  sufficient  to  place  a  small 
portion  of  the  substance  under  examination  on  platinum  wire  as  represented 
in  fig.  502,  and  compare  the  spectrum  thus  obtained  either  directly  with  that 
of  another  substance  or  with  the  charts  in  which  the  positions  of  the  lines 
produced  by  the  various  metals  are  laid  down. 

With  other  metals  the  production  of  their  spectra  is  more  difficult,  es- 
pecially in  the  case  of  some  of  their  compounds.  The  heat  of  a  Bunscfl^ 
burner  is  insufficient  to  vaporise  the  metals,  and  a  more  intense  temperatmt 
must  be  used.  This  is  effected  by  taking  electric  sparks  between  wires  con* 
sisting  of  the  metal  whose  spectrum  is  required,  and  the  electric  sparks  aie 
most  conveniently  obtained  by  means  of  RuhmkorfTs  coil  or  inductorioBL 
Thus  all  the  metals  may  be  brought  within  the  sphere  of  spectrum  obser- 
vations. 

The  power  of  the  apparatus  has  great  influence  on  the  nature  of  the 
spectrum ;  while  an  apparatus  with  one  prism  only  gives  in  a  sodium  fline 
the  well-known  yellow  line,  an  apparatus  with  more  prisms  resolves  it  into 
two  or  three  lines. 

It  has  been  observed  that  the  character  of  the  spectrum  changes  with  the 
temperature  ;  thus  chloride  of  lithium  in  the  flame  of  a  Bunsen's  burner  gives 
a  single  intense  peach-coloured  line  ;  in  a  hotter  tlame,  as  that  of  hydrogen, 
it  gives  an  additional  orange  line  ;  while  in  the  oxyhydrogen  Jet  or  the 
voltaic  arc  a  broad  brilliant  blue  band  comes  out  in  addition.  The  sodiuDi 
spectrum  produced  by  a  Bunsen's  burner  consists  of  a  single  yellow  line ; 
if,  by  the  addition  of  oxygen,  the  heat  be  gradually  increased,  more  bright 
lines  appear  ;  and  with  the  aid  of  the  oxyhydrogen  flame  the  spectrum  it 
continuous.  Sometimes  also,  in  addition  to  the  appearance  of  new  lines,  an 
increase  in  temperature  resolves  those  bands  which  exist  into  a  number  of 
fine  lines,  which  in  some  cases  are  more  and  in  some  less  refrangible  than  the 
bands  from  which  they  are  formed.     It  may  be  supposed  that  the  glowmg 
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vapcntr  found  at  the  low  temperature  consists  of  the  oxide  of  some  difficultly 
tcdodble  metal,  whereas  at  the  enonnously  high  temperature  of  the  spark 
tboe  dxnpounds  are  decomposed^  and  the  true  bright  lines  of  the  metal  are 
Imed. 

The  delicacy  of  tlic  reaction  increases  very  considerably  with  the  tem- 
pcniitre.  With  the  exception  of  the  alkalies,  it  is  from  40  to  400  times 
jETtaler  at  the  temperature  of  the  electric  spark  than  at  that  of  Bunsen's 
tionief* 

Tlie  spectra  of  the  permanent  gases  are  best  obtained  by  taking  the 
ikctric  spark  of  a  RuhmkorfTs  coil^  or  Holtz^s  apparatus,  through  glass 
ilhei  of  a  special  construction,  provided  with  electrodes  of  platinum  and 
Acd  with  the  gas  in  question  in  a  stale  of  great  attenuation,  known  as 
Gmtkr'M  im^s :  tf  the  spark  be  passed  through  hydrogen,  the  light  emitted 
»  kiglit  red,  and  its  speclrtim  consists  of  one  bright  red,  one  green,  and  one 
Nbe  Biic  No.  7,  the  first  two  of  which  appear  to  coincide  with  Fraunhofer  s 
ftaa  C  aod  F,  and  the  third  with  a  line  between  F  and  G.  No.  6  repre- 
loit  the  spectrum  of  oxygen.  No.  8  is  the  spectrum  of  nitrogen.  The 
fi|ht  of  this  gas  in  a  Geisslcr's  tube  is  purple,  and  the  spectrum  very  com- 


If  Cht  electric  discharge  takes  place  through  a  compound  gas  or  vapour, 
Ac  ipectra  Are  those  of  the  elementary  constituents  of  the  gas.  It  seems  as 
^ai  f«fy  intense  temperatures,  chemical  combination  were  impossible,  and 
iqrfni  Md  hydrogen,  chlorine  and  the  metals,  could  ci^exist  in  a  separate 
knOt  IS  thouigh  mechanically  mixed  with  each  other. 

IW  BAttire  of  the  spectra  of  the  elementary  gases  is  very  materially  in- 
kaoed  by  alterations  of  temperature  and  pressure.  Wu liner  made  a  series 
•*  ^mf  AOClirate  observations  on  the  gases  oxygen,  hydrogen,  and  nitrogen. 
Hb  Ml  Qttljf  used  gases  in  closed  tubes,  which  by  various  electrical  means 
^nlnd  Iddlfierent  temperatures  ;  but  in  one  and  the  same  series  of  ex- 
in  which  a  small  inductorium  was  used,  he  employed  pressures 
irom  too  millimetres  to  a  fraction  of  a  millimetre  ;  while  in  another 
ttnn  m  wUch  a  larger  apparatus  was  used,  he  extended  the  pressure  to 
Um  wiHimftrr^  At  the  lowest  pressure  of  less  than  one  millimetre,  the 
of  hydrogen  was  found  to  be  green,  and  consisting  of  six  splendid 
of  IdMiy  which  at  a  higher  pressure  than  i  millimetre  changed  to  con* 
at  2  to  3  millimetres  the  spectrum  consisted  of  the  often- 
tluee  Uiies«  which  did  not  disappear  under  a  higher  pressure,  but 
^**^^-*^  teft»  brilliant  as  the  continuous  spectrum  increased  in 
hutre.  From  thi«i  p>oint  the  light,  and  therefore  the  speclrtim, 
Using  the  Urger  apparatus,  the  band  spectrum  appeared 
•tt^mdcr  a  higher  pressure  ;  at  the  highest  pressure  of  2/xx>  millimetres  it 
to  the  continuous  spectrum,  since  the  bright  lines  continually 
td  ttkunately  merged  into  each  other. 
f^  aipteMMlpa  or  tlM  AmitlL  llaes  of  tbe  solar  speetnua, — It  has 
that  incandescent  sodium  vapwur  gives  a  bright  yellow 
to  the  dark  line  D  of  the  solar  spectrum.  Kirchhoff 
Iht  hrtlUant  light  produced  by  incandescent  lime  passes 
%  iamr  coloured  by  sodium  in  the  usual  manner,  a  spectrum  is  pro- 
m  whkh  ts  a  dark  line  coinciding  with  the  dark  line  D  of  the  solar 
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Spectrum  ;  what  would  have  been  a  bright  yellow  line  becomes  a  dark  line 
when  formed  on  the  background  of  the  limelight  By  allowing  in  a  similar 
manner  the  limelight  to  traverse  vapours  of  potassium,  bariumH,  strontium, 
&€.,  the  bright  lines  which  they  would  have  formed  were  found  to  be  con- 
verted into  dark  lines  :  such  spectra  are  called  etbsorpiion  spectra. 

It  appears,  then,  that  the  vapour  of  sodium  has  the  power  of  absorbing 
rays  of  the  same  refrangibility  as  that  which  it  emits.     And  the  same  is  1 
of  the  vapours  of  potassium,  barium,  strontium,  &c.     This  absorptive  [ 
is  by  no  means  an  isolated  phenomenon.     These  substances  share  it,  for  ex^ 
ample,  with  the  vapour  of  nitrous  acid,  which  Brew*stcr  found  to  possess  \ 
following  property  : — when  a  tube  filled  with  this  vapour  is  placed  in  the  pat>> 
of  the  light  either  of  the  sun  or  of  a  gas  Bame,  and  the  light  is  subsequently 
decomposed  by  a  prism,  a  spectrum  is  produced  which  is  full  of  dark  liac* 
(No.  9,  Plate  L) ;  and  Miller  showed  that  iodine  and  bromine  vapour  yro- 
duced  analogous  effects. 

Hence  the  origin  of  the  above  phenomenon  is,  doubtless,  the  absorpdon 
by  the  sodium  vapi^ur  of  rays  of  the  same  kind— that  is,  having  the  same 

refrangibility — as  those  which  it  has  itself 
the  power  of  emitting.  Other  rays  it  allow*  tf> 
pass  unchanged,  but  these  it  either  totallf  fl 
in  great  part  suppresses.  Thus  the 
cular  lines  in  the  spectrum  to  which  t^ 
rays  would  converge  are  illuminated  onlj 
the  feebly  luminous  sodium  flame,  aocJ  \ 
cordingly  appear  dark  by  contrast  ^itht 
other  portions  of  the  spectrum  which  rtcen* 
light  from  the  powerful  flame  behind 

By  replacing  one  of  the  flames  G  ^ 
(fig,  502)  by  a  ray  of  solar  light 
from   a  hcliostat,   KirchhoflT  ascertatoci  I 
direct  comparison  that  the  bright  lines  1 
characterise  iron  correspond  to  dark  livM^ 
the  solar  spectrum.     He  also  foimd  the  I 
to  be   the    case  with   sodium, 
calcium,  nickel,  and  some  other  metals. 

This  reversal  of  the  sodium  light  mijr^ 
produced  even  without  a  prism  by  an  I 
ratus  devised  by  Bunsen,  An^  shown  in  i 
504.    It  consists  of  a  Woo  IPs  bottle  in  1 
a  small  quantity  of  rinc«  dilute  sulphurkl 
and  common  salt  arc  placed  so  thai  1 
is  slowly  liberated,  charged  wjtli 
sodium  chloride.     Through  the  todta*! 
cube  L  ordinary  coal  gas  it  admittnii  i 
issues  through  the  tubes  K  and  R',  Dd  < 
**^  ^^*  of  these  tubes  is  a  metal  btinitr«    TTie  | 

burns  at  the  top  A  with  a  broad  flat  flame,  C  ;  the  burner  B  is  cfXx 
and  over  it  is  placed  a  conical  mantle  closed  at  the  top  witi^  m^  j 
In  this  way  a  small  yellow  flame  is  produced.  On  looking  tbRNigHllllli 
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tlame,  the   former  appears   dark,  as  if  smoky  on  a  light   bac 
^TtniDd.     The  light  of  the  posterior  and  far  brighter  flame  is  absorbed  by-j 
xhit    fTtint  and  cooler  one,  and  replaced  by  light  of  lesser  intensity,  which 
appears  dark  by  contrast 
From  such  observations  we  may  draw  important  conclusions  with  re* 
to  tlie  constitution  of  the  sun«      Since  the  solar  spectrum  has  dark  j 
wbtrc  sodium^  iron,  &c,  give  bright  ones  (No.  11,  Plate  L),  it  is  pro- 
\  tiiat  around  the  solid,  or  more  probably  liquid,  body  of  the  sun  which 
^ltto«(rt  otil  the  light*  there  exists  a  vaporous  envelope  which,  like  the  sodium  , 
tfame  m   the  experiment  described  above,  absorbs  certain  rays;    namdy,  I 
tikose  which  the  envelope  itself  emits.     Hence  those  parts  of  the  spectruni  J 
I  bitt  for  thb  absorption,  would  have  been  illuminated  by  these  partictilar  ' 
y  appear  feebly  luminous  in  comparison  with  the  other  parts,  since  they 
ntmiinated  only  by  the  light  emitted  by   the  envelope,  and   not    by 
\  •olii'  Dudeus  ;  and  we  are  at  the  same  time  led  to  conclude  that  in  this 

there  exist  the  metals  sodium,  iron,  &c. 
Hti^ggins  and  MilJer  applied  spectrum  analysis  to  the  investigation  of  the 
hetvcoty  bodies.  The  spectra  of  the  moon  and  planets,  whose  light  is  re« 
flpctfd  from  the  sun,  give  the  same  lines  as  those  of  the  sun.  Uranus  proves 
^BCSCtf>ttOD  to  this,  and  is  probably  still  in  a  self-luminous  condition.  The 
I  of  the  fixed  stars  contain,  however,  dark  lines  diflfering  from  the  solar 
I  wad  from  one  another.  Four  distinct  types  of  spectra  were  distinguished 
%  S€iCCht  The  first  embraces  the  white  stars,  and  includes  the  well-known 
SniKf  and  a  Lyr«.  Their  spectra  (No  12,  Plate  L)  usually  contain  a  number 
^nay  toe  lines,  and  always  contain  four  broad  dark  lines  which  coincide 
«idl  ite  bright  lines  of  hydrogen.  Out  of  346  stars  164  were  found  to  belong  | 
1»  dltt^  group.  The  second  group  embraces  those  having  spectra  intersected 
If  OTBBCmus  fine  lines  like  those  of  our  sun.  About  140  stars,  among  them 
Mlax^  Oipclla,  (^  Aquilie,  belong  to  this  group.  The  third  group  embraces 
tke  red  and  orange  stars,  such  as  a  Ononis,  ^  Pegasi ;  the  spectra  of  these 
^oft^  i|«  14.  Plate  I.)  are  divided  into  eight  or  ten  parallel  columnar  clusters 
^  difk  and  bright  bands  increasing  in  intensity  to  the  red«  Group  four  is 
onde  itp  of  small  red  stars  with  spectra,  and  is  constructed  of  three  bright 
^mtA  tocreasing  in  intensity  towards  the  violet.  It  would  thus  appear  thai 
ItiriT  kw9d  stars,  while  differing  from  one  another  in  the  matter  of  which 
%Kf  are  composed,  arc  constructed  on  the  same  general  plan  as  our  sun. 
\  hmA  observed  a  striking  difference  in  the  spectra  of  the  nobulse  ; 
r  th«y  C«B  at  all  be  observed  they  are  found  to  consist  generally  of  | 
hfiglrt  fines,  like  the  spectra  of  the  ignited  gases,  instead  of,  like  the  spectra 
M^lhe  MRi  aad  stars,  consisting  of  a  bright  ground  intersected  by  dark  lines. 
k  is  baocr  probable  that  the  nebulae  are  masses  of  glowing  gas,  and  do  not 
,  like  the  sun  and  stars,  of  a  photosphere  surrounded  by  a  gaseoM^  | 


We  caa  apply  the  reasoning  of  Doppler's  principle  (233)  to  the  case^nf 
Ighc^  and  mmme  provisionally  that  the  motion  of  light  is  analogous  to  that 
af  •ooad  Whan  a  source  of  light  is  approaching  the  earth,  the  eye  receives 
a  itreaier  aamher  of  waves  in  a  given  time,  the  waves  arc  shorter :  as  tt 
\  aaray  die  opposite  Is  the  case,  the  craves  arc  longer.  Hence,  on  the 
I  of  ytltow  light,  for  instance,  the  bright  band  D  will  seem  displaced 
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towards  the  violet  end  of  the  spectrum,  and  in  receding,  towards  the  red 
end.  This  will  also  be  the  case  with  the  corresponding  dark  line,  prorin^ 
that  the  whole  medium  is  moved  at  the  same  time.  Accordingly,  by  ob^en'- 
ing  the  displacement  of  particular  lines,  conclusions  may  be  drawn  as  to  the 
relative  motions  of  what  are  called  the  fixed  stars.  Thus,  from  careful  ob* 
servation  of  the  displacement  of  the  F  line  in  Sirius,  Huggins  has  iaferred 
that  it  is  moving  away  from  the  earth  with  a  velocity  of  42  miles  per  second. 

One  of  the  most  mteresting  triumphs  of  spectrum  analysis  has  be^i  \hi^- 
discovcry  of  the  true  nature  of  the  protuberances^  which  appear  during  % 
solar  eclipse  as  mountains  or  cloud -shaped  luminous  objects  \*nrying  in  utt^ 
and  surrounding  the  moon*s  disc. 

During'  the  eclipse  of  1868  it  had  been  ascertained  by  Jannsen  that  pro* 
tuberanccs  emitted  certain  bright  lines  coinciding  with  those  of  hydrpfciL 
They  have,  however,  been  fully  understood  only  since  Lockyer  jxnd  Jaimseo 
have  discovered  a  method  of  investigating  them  at  any  lime.  The  prrndpilp 
of  this  method  is  as  follows  : — When  a  line  of  light  admitted  through  1  iftf 
is  decomposed  by  a  prism  the  length  of  the  spectrum  may  be  increased  h) 
passing  it  through  two  or  more  prisms  :  as  the  quantity  of  light  is  the  sarot* 
it  is  clear  that  the  intensit>-  of  the  spectrum  will  be  diminished.  This  is  tbf 
case  with  the  ordinar)"  sources  of  light,  such  as  the  sun;  if  ibe  light 
homogeneous,  it  will  be  merely  deviated,  and  not  reduced  in  intensity, 
dispersion.  And  if  the  source  of  light  emit  light  of  both  kinds^  the 
of  the  slit  of  light  of  a  definite  refrangibility,  which  the  mixture  may  cool 
will  stand  out,  by  its  superior  intensity,  on  the  weaker  ground  of  the 
linuous  spectrum.  This  is  the  case  with  the  spectrum  of  the  protul 
Viewed  through  an  ordinary  spectroscope,  the  light  they  emit  is  oversh; 
by  that  of  the  sun  ;  but  by  using  prisms  of  great  dispersive  power  the 
light  becomes  weakened,  and  the  spectrum  of  the  protuberances  maf 
obser\ed,  Lockyer's  researches  leave  no  doubt  that  they  arc  ignited 
masses,  principally  of  hydrogen.  By  altering  the  position  of  the  Uit  a 
of  sections  of  the  prominences  is  obtained,  by  collating  which  ihe  fonn 
the  prominence  may  be  inferred.  They  are  thus  found  to  enclose  iJie 
usually  to  a  depth  of  about  5,000  miles,  but  sometimes  in  enornKMU 
accumulations,  which  reach  the  height  of  70,000  miles.  Lockyer  Idis 
merely  examined  these  phenomena  right  on  the  edge  of  the  sun  ;  but  he 
been  able  to  obsen^e  them  on  the  disc  itself.  He  has  shown  that  soon 
these  protuberances  are  the  results  of  sudden  outbursts  or  starmv 
move  with  the  enomtous  velocity  of  120  miles  in  a  second  ;  and,  by 
as  abovc»  the  direction  of  this  motion  has  been  determined. 

For  a  fuller  accovmt  of  this  branch  of  physics,  which  is  incompatible  »tih 
the  limits  of  this  work,  the  reader  is  referred  to  Sir  H.  Roscoe's  *  I^ectuiei 
Spectrum  Analysis,*  and  to  the  same  writer*s  articles,  and  those  of  Scl 
in  Watts's  *  Dictionary  of  Chemistry^,'  or  to  Schellen's  *  Spectrum 
translated  by  Lassell,  or  to  I^ockyer  *  On  the  Spectroscope/ 

580,  irses  of  tli«  «pectro«coi»e. — When  a  liquid  placed  ia  a  glass 
or  in  a  suitable  glass  cell  is  interposed  between  a  source  of  %ht  and 
slit  of  the  spectroscope,  the  spectrum   observed  on   looking  tliroqgll 
telescope   will   in  many  cases  be  found  to  be   traversed  by  dark 
No.  JO,  Plate  I.,  represents  the  appearance  of  the  spoclntni  wlieii  a 


Abnonnal  Dispersion. 

of  dki^nfpJk/i^  ihc  gTCcn  colouring  matter  of  plants,  is  thus  interposed. 
Is  the  red«  llie  yeUow,  and  the  violet  parts,  dark  bands  are  formed^  and  the 
givci  way  to  a  reddish  shimmer.  If,  instead  of  chlorophyl,  arterial 
greill^T  diluted  be  used,  the  red  of  the  sf>ectnim  appears  brighter,  but 
tad  violet  are  nearly  extinguished.  As  these  bands  thus  dift'er  in 
liqfuds  as  regards  position,  breadth,  and  intensity,  in  many  cases 
Itesr  affiMrd  the  most  suitable  means  of  identifying  bodies.  Sorby  and 
Brmroifltg  bave  devised  a  combination  of  the  microscope  and  spectroscope 
called  the  mdcr^spectrouopt^  which  renders  it  possible  to  examine  even  very 
titwiff  tracci  of  substances. 

TbiS  apfiliaitioii  off  the  spectroscope  has  been  very  useful  in  investigating 
mbstances  mhich  have  special  importance  in   physiology  and   pathology  \ 
eacamotn^  normal  and  diseased  blood,  and  in  ascertaining  the  rate 
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ccffatn  substances  pass  into  the  various  fluids  of  the  system*     The 

absorption  bands  with  certain  liquids,  such  as  wine,  beer,  &c., 

Ill  tlicir  oarmal  state,  compared  with  those  yielded  by  adulterated 

iomish  a  delicate  and  certain  means  of  detecting  the  latter. 

the  adulteration  of  claret  withthe  juice  of  elderberries  is  detected 

ince  of  faint  bands  near  line  D,  which  are  not  seen  with  pure 

The  colouring  matter  of  malt  and  hops  is  quite  distinct  from 

ly  other  substances  with  which  it  is  alleged  to  be  adulterated. 

coltition  of  blood  to  which  ammonium  sulphide  is  added,  gives 

vtiy  powerful  absorption  bands  between  D  and  E,  and  between  E  and 

lIUl  b  the  most  valuable  test  for  toxicological  cases.     Blood  charged 

caarbonic  oxide  i%  unchanged  on  the  addition  of  ammonium  sulphide, 

thai  Ibe  poisoning  by  carbonic  oxide  can  be  detected.     So^  too,  the 

of  the  characteristic  bands  of  gall  in  blood,  and  of  albumen  in 

indications  of  jaundice  and  of  B  right's  disease  respectively. 

the  sUt  of  the  spectroscope  be  divided  into  two  halves,  s,  and  s, 
tl>e  apenurc  of  each  of  which  can  be  varied  to  any  measured  extent 
cf  micrometric  screws.   If  then  a  layer  of  a  substance  of  known  thick- 
placed  in  front  of  the  slit  s^  for  instance^ 
spectrum  of  a  particular  portion  be  observed, 
will  be  a  fUffercnce  between  the  luminosity 
two  parts  of  the  spectrum  ;  but  by  regulating 
of  the  slit  they  may  be  made  the  same. 
wilt  then  be  inversely  as  the  width 
ilit.    Thus,  if  the  widths  of  each  were  origi- 
id  Oi€  uncovered  slit  had  to  be  narrowed 
mteosity  of  the  light  transmitted  through  ***** 

would  only  be  0*4  of  the   mcident      Vierordt   has  based   on 
of  quantitative  spearum  analysis  \  thus,  if  the  absorption 
by  a  definite  thickness  of  known  strength  be  known,  the  relative 
of  any  other  solution  of  the  same  substance  for  the  same  thick- 
be  determined. 

dtoyenlon. — A  remarkable  exception  to  the  ordinary 

was  discovered  by  Christiansen,  and  subsequently  confirmed 

by  Soret  and  Kundt— that  the  solutions  of  certain  substances, 

O  and  permanganate  of  potassium,  give  spectra  in  which  tlie 
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order  of  the  colours  is  not  the  same  as  in  the  prismatic  spectrum.  Thus,  when 
a  hollow  glass  prism  is  filled  with  an  alcoholic  solution  of  fuchsJne,  the  order 
of  the  colours  in  the  spectru«\  which  it  yields  is  as  follows.  Violet  is  least 
refracted^  then  red,  and  then  yellow,  which  is  most  refracted.  If  we  imagine 
that  the  central  green  of  an  ordinary  spectrum  is  removed,  and  then  the 
position  of  the  rest  is  interchanged,  we  get  an  idea  of  the  abnormal  spectfim 
of  fuchsine.  Kundt  examined  a  great  number  of  substances  in  this  direc- 
tion, mostly  the  colours  derived  from  aniline,  and  found  that  the  abnonaal 
dispersion  is  exhibited  by  all  substances  with  surface  colour.  These 
have  the  peculiarity  that  when  viewed  in  diffused  light  they  cxhtl 
different  colour  from  that  which  they  transmit.  Thus  a  thin  flake  of  lodisyie 
appears  green  in  diffused,  but  red  in  transmitted  light. 

The  substances  in  solution  are  examined  by  placing  them  in  hollow 
prisms  ;  if  the  solutions  are  weak,  the  abnonnal  dispersion  of  the  sul 
is  concealed  by  that  of  the  solvent,  while  stronger  solutions  absorb  so  mitdk 
light  as  to  be  ahnost  opaque,  and  prisms  of  very  small  refracting  angle  hart 
to  be  used.  Soret  gets  rid  of  this  difficulty  by  immersing  the  prism  contain' 
Jng  the  solution  in  glass  vessels  with  parallel  sides  filled  with  the  solvent 
The  dispersion  due  to  the  solvent  is  thereby  eliminated,  and  only  that  of  tk 
substance  comes  into  play.  Cyanine  gives  a  well-marked  abnormal  spec- 
trum, the  order  of  the  colours  being  the  following  :  green,  light  blue,  dark 
blue,  a  dark  space,  red,  and  traces  of  orange,  the  green  being  the  colour  which 
ts  least  diffused. 

The  same  explanation  cannot  be  given  of  this  as  of  the  ordinary  coloor 
of  bodies  (569),  but  must  be  ascribed  to  the  fact  that  the  bodies  ttt  qiieiO0(» 
totally  reflect  light  of  certain  wave-lengths  (637)  at  almost  all  incideaco^ 
and  that  these  colours  are  reflected  on  the  surface.  Hence  it  foUowi  ito 
the  colour  of  these  bodies  in  diffused  light  must  be  almost  complemefion 
to  the  transmitted  light— a  prevision  which  experiment  confirms. 

5S2.  nii«r«sceoee. — Stokes  made  the  remarkable  discover)'  that 
certain  circumstances  the  rays  of  light  are  capable  of  undergoing  a 
of  refrangibiljty.     The  discovery  originated  in  the  study  of  a  ph« 
observed  by  Sir  J,  Herschcl,  that  certain  solutions  when  looked  at  by 
mitted  light  appear  colourless,  but  when  viewed  in  reflected  light  present  * 
bluish   appearance.     Stokes  has   found   that  this  property,  which  be  v^ 
fluorescence^  is  characteristic  of  a  large  class  of  bodies. 

The  phenomenon  is  best  seen  when  a  solution  of  sulphate  of 
contained  in  a  trough  with  parallel  sides,  is  placed  in  different  poaitilrf 
the  solar  spectrum.  No  change  is  observed  in  the  upper  part  of  the  spi** 
inim,  but  from  about  the  middle  of  the  lines  G  and  H  (coloilfed  Pl«f)  ^ 
some  distance  beyond  the  extreme  range  of  the  violet,  rays  of  1  bOHiiM 
sky*blue  colour  arc  seen  to  proceed.  These  invisible  ultra-violet  mji  ^ 
become  visible  when  the  spectrum  is  allowed  to  fall  on  paper  tmpUfDiiB^ 
with  a  solution  of  eesculine  {;a  substance  extracted  from  horse-chestaitK^ 
alcoholic  solution  of  stramonium,  or  a  plate  of  canary'  glass  (which  b  oolotf^ 
by  means  of  uranium).  This  change  arises  from  a  diminution  ia  ^  t** 
frangibilUy  of  those  rays  outside  the  violet,  which  are  ordinarily  too  icAi* 
pble  to  affect  the  eye. 

Glass  appears  to  absorb  many  of  theie  more  refrangible  rays. 
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not  the  case  nearly  to  the  same  extent  with  quarti*  WTien  a  prism  and 
tnw^  fonned  of  plates  of  quart?  are  used,  and  the  spectrum  is  received 
OB  A  sheet  of  paper  on  which  a  wash  of  solution  of  sulphate  of  quinine  has 
bees  made,  two  juxtaposed  spectra  can  be  obtained.  That  which  is  on  the 
pirt  coated  with  sulphate  of  quinine  extends  beyond  the  line  H  to  an  extent 
t/^taA  to  that  of  the  visible  spectrum.  In  the  spectrum,  thus  made  visible, 
dirk  tiikes  may  be  seen  like  those  in  the  ordinary  spectrum. 

The  pheDoroena  may  be  obsened  without  the  use  of  a  prism.  WTien  an 
iperture  in  a  dark  room  is  closed  by  means  of  a  piece  of  blue  glass,  and  the 
lilg^  b  allowed  to  fall  upon  a  piece  of  canary  glass,  it  instantly  appears  self- 
intiaoiis  from  the  emission  of  the  altered  rays.  If  a  test-tube  be  half-filled 
villi  a  solution  of  sulphate  of  quinine,  and  on  it  be  poured  an  ethereal  solu- 
boo  of  chlorophyU  the  respective  layers  appear  colourless,  and  green  in 
tnuotltliedt  and  sky-blue  and  blood-red  in  reflected  lighL 

la  most  cases  it  is  the  violet  and  ultra-violet  rays  which  undergo  an 
I  of  refrangibility,  but  the  phenomenon  is  not  confined  to  them.  A 
i  of  madder  in  alum  gives  yellow  and  violet  light  from  about  the 
Ik  0  CO  beyond  the  violet  ;  an  alcoholic  solution  of  chlorophyl  gives  red 
%|Klt  horn  the  line  B  to  the  limit  of  the  spectrum.  In  these  cases  the  yellow, 
te  green,  and  the  blue  rays  experience  diminution  of  refrangibility ;  the 
itmip^  produces  more  highly  refrangible  rays.  An  exception  to  this  rule 
i  net  iritb  in  the  case  of  Magdala  red.  If  on  a  solution  of  this  substance 
cani^li»ed  in  a  rectangular  glass  vessel  a  solar  spectrum  be  allowed  to  fall, 
m  onn^ge-yellow  fluorescence  is  found  even  in  the  red  part  of  the  spectrum. 
Tllft  electric  light  gives  a  very  remarkable  sf>ectrum.  With  quaru  ap* 
lantBi  Stokes  obtained  a  spectrum  six  or  eight  times  as  long  as  the  ordinary 
Several  flames  of  no  great  illuminating  power  emit  very  peculiar 
Characters  traced  on  paper  with  solution  of  stramonium,  which  are 
[  ittvtsjbte  in  daylight,  appear  instantaneously  when  illuminated  by  the 
•  oC  liuming  sulphur  or  of  bisulphide  of  carbon.  Robinson  has  found 
t  tlie  liiglit  of  the  aurora  is  peculiarly  rich  in  rays  of  high  refrangibiUty, 

■*ti«  abm^atlon. — The  various  lenses  hitherto  described 
(551)  poeMSS  the  inconvenience  that,  when  at  a  certain  distance  from  the 
^fe,  thfCf  ^ve  images  with  coloured  edges.  This  defect,  which  is  most 
in  condensing  lenses,  is  due  to  the  unequal  refrangibility  of  the 
\  (§64),  and  is  called  chromatic  aberration. 
r<  lIBCe  a  lens  may  be  compared  to  a  series  of  prisms  with  in6nitely 
,  and  united  at  their  bases  (551),  it  not  only  refracts  light,  but  also 
\  it  like  a  prism.  On 
t  oC  tim  dispersion,  there - 
9  have  really  a  dis- 
for  each  colour.  In 
lenses,  for  example^ 
wmf%  which  are  the  least 
,  form  their  focus  at 
i  peM  H  on  the  axis  of  the 

hm  C%-  506) ;  while  the  violet  ^j^  ^ 

mfK  fridch  are  most  refrangible, 

Hhe  nearer  point  V.    The  foci  of  the  orange,  yellow,  ^Sl^^  biu 


536 


On  Light. 


[58S- 


• 


*•">«•  S07. 


and  indigo  arc  between  these  points.  The  chromatic  aberration  is  more 
perceptible  in  proportion  as  the  lenses  are  more  convex,  and  as  the  point 
at  which  the  rays  are  incident  is  farther  fronn  the  axis  ;  for  then  the  devLition, 
and  therefore  the  dispersion,  are  increased. 

If  a  pencil  of  rays  which  has  passed  through  a  condensing  lens  be  re- 
ceived on  a  screen  placed  at  mm  within  the  focal  distance,  a  bright  spot  is 
seen  with  a  red  border  ;  if  it  is  placed  at  ss  the  bright  spot  has  a  violet 
border 

The  inequality  in  the  refraction  of  the  blue  and  red  rays  may  be  demoo^ 
strated  by  closing  a  small  aperture^  half  with  red  and  half 
with  blue  glass  (fig,  507) ;  on  each  half  a  black  arn>«  is 
painted,  and  a  lamp  is  placed  behind  it     By  means  of  a 
lens  of  60  cm.  focus  an  image  is  formed  on  a  screen  at  A 
distance  of  about  2  metres.     If  the  screen  be  placed  90 
that  a  sharp  image  is  obtained  of  the  black  object  on  the 
blue  ground,  the  outlines  of  the  other  arc  confused.    To 
get  a  sharp  image  of  the  arrow  on  the  red  grouiid  ibe 
screen  must  be  moved  farther  away. 
584.  AeliromatiBm. — By  combining  prisms  which  ha%'C  diflTcrcnt  lefractb^ 
angles  (544),  and  arc  formed  of  substances  of  unequal  dispersive  powers  (564J, 
white  light  may  be  refracted  without  being  dispersed.     The  same  result  i» 
obtained  by  combming  lenses  of  different  substances,  the  curvatures  of  whklb 
are  suitably  combined.     The  images  of  objects  viewed  through  such  lenses  40 
not  appear  coloured,  and  they  are  accordingly  called  achrcmaiic  lenset ; 
achromatism  being  the  term  applied  to  the  phenomenon  of  the  reftactioB 
of  light  without  decomposition. 

By  observing  the  phenomenon  of  the  dispersion  of  colours  in  prismi  rf 
water,  of  oil  of  turpentine,  and  of  crown  glass,  Newton  was  led  to  supf^ 
that  dispersion  was   proportional  to  refraction.     He  concluded   that 
could  be  no  refraction  without  dispersion,  and,  therefore,  that 
was  impossible.     Almost  half  a  century  elapsed  before  this  was  fcNffld  to 
incorrect.     Hall,  an  English  philosopher,  in  1733,  was  the  first  10 
achromatic  lenses,  but  he  did  not  publish  his  discovery.     It  is  to 
an  optician  in  London,  that  we  owe  the  greatest  improvement  whicb 
been  made  in  optical  instruments.     He  showed  in   1757  that  by  comr 
two  lenses— one  a  double  convex  crown  glass  lens,  the  other  a 

convex  lens  of  flint   glass  (fig.  5o9>^a  koi 
obtained  which  is  virtually  achromatic 

To  explain  this  result,  let  two  prisms, 
and  CDF,  be  joined  and  turned  in  a 
direction,  as  shown  in  fig.  508.    Let  us  suppoiel 
the  first  case,  that  both  prisms  are  of  the 
material,    but  that  the  refracting  angle  of 
second,  CDF,  is  less  than  the  re^actiof 
ut  the  first ;  the  two  prisms  will  produee 
same  effect  as  a  single  prism,  BAF  ;  that  if 
say,  that  white  light  which  traverses  it  will  not  only  be  refracted,  but 
decomposed.     If,  on  the  contrary,  the  first  prism  BCF  were  of  crown  {1 
and  the  other  CFD  of  flint  glass,  the  dispersion  might  be  destroyed  < 
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destroying  the  refraction.  For,  as  flint  glass  is  more  dispersive  than  crown, 
ttd  as  tJie  dispersion  produced  by  a  prism  diminishes  with  its  refracting 
jagic  (564X  it  follows  that  by  suitably  lessening  the  refracting  angle  of 
the  fiint  glass  prism  CPD,  as  compared  with  the  refracting  angle  of  the 
prism  BCF,  the  dispersive  power  of  these  prisms  may  be 
and  as,  from  their  position,  the  dispersion  lakes  place  in  a 
dtrection,  it  is  neutralised  ;  that  is,  the  emergent  rays  EO  arc 
laiallel,  and  therefore  give  white  light.  Nevertheless,  the  ratio  of  the  angles 
BCF  and  CFD,  which  is  suitable  for  the  parallelism  of  the  red  rays  and 
tio^  rays  1^  i^c>t  so  fi>r  the  intermediate  rays,  and,  consequently,  only  two 
d  tbe  rays  of  the  spectrum  can  be  exactly  combined,  and  the  achromatism 
» not  qitJtc  perfect  To  obtain  perfect  achromatism,  scveraJ  prisms  would 
leiiecessajy,  of  unequally  dispersive  materials,  and  the  angles  of  which  were 
aonblf  combined. 

TTie  reCraction  is  not  destroyed  at  the  same  lime  as  the  dispersion  ;  that 
cvStl  only  happen  if  the  refracting  power  of  a  body  varied  in  the  same  ratio 
m  wm  dispersive  power,  which  is  not  the  case.     Consequently, 
AitcmCff^S^t  ray  EO  is  not  exactly  parallel  to  the  incident  ray, 
4Dd  tlMve  is  a  refraction  without  appreciable  decomposition. 

AchfQOiatic  lenses  are  made  of  two  lenses  of  unequal  dis- 
Imive  materials  :  one.  A,  of  flint  glass,  is  a  diverging  concavo- 
<mfCi((|^«  509} ;  the  other,  B,of  crown  glass,  is  double  convex, 
^  one  of  its  £iccs  may  exactly  coincide  with  the  concave  face 
^  ikm  fir»t.  As  with  prisms,  several  lenses  would  be  necessary 
^fteuo  perfect  achromatism  ;  but  for  optical  instruments  two  Fig.  509. 
^  nificient,  their  curv;itures  being  such  as  to  combine  not  the 

red  and  violet,  but  the  blue  and  orange  rays,  while  at  the  same  time 
!•  had  to  the  correction  for  spherical  aberration. 


585.  Tb«  diff«f-etit  kinds  of  optlo&l  InstnunentB. — By  the  term  i>pHmI 
instrununt  is  meant  any  combination  of  lenses,  or  of  lenses  and  mirrors 
Optical  instruments   may  be   divided  into  three  classes,  according  to  tlie 
ends  they  are  intended  to  answer,  viz. : — i.  Microscopes^  which  arc  designed 
to  obtain  a  magnified  image  of  any  object  whose  real  dimensions  are  loo 
small  to  admit  of  its  being  seen  distinctly  by  the  naked  eye.     ii,   Ttlesc&pm^ 
by  which   very  distant   objects,  whether  celestial   or   terrestrial,  may  bt 
observed,     iii*  Instruments  designed  to  project  on  a  screen  a  magnified  or 
diminished  image  of  any  object  which  can  thereby  be  either  depicted  or 
rendered   visible   to   a   crowd    of  spectators  ;  such  as   the   camera  lucidd, 
the  camera  obscura^  photographic  apparatus^  the  magic  ianttrn^  the  ukr 
micrascope^  the  photo-electric  microscope^  &c     The  two  former  dasstt  yieW 
virtual  images ;  the  last,  with  the  exception  of  the  camera  luada^  yield  reil 
images. 

MICROSCOPES. 

586.  Tlie  sljniile  BEilcraseop«,^The  simple  microscope^  or 

gitjss^  is  merely  a  convex  lens  of  short  focal  length,  by  means  of  which  ^ 
look  at  objects  placed  between  the  lens  and  its  principal  focus.  LetAB 
(iig.  510)  be  the  object  to  be  observed,  placed  between  the  tens  and  ici 

principsd  focilii  F^ 
Dtaw  the 
ary   axes  AO 
BO,  and  aUo  I 
A  and  H  raysp 
lei    to  the  xs3^\ 
the  tens  FO.   Kil 
these  rays^onp 
log     oat     of 
lens,  tend  to  | 
through  the  1 
principal  kxm  1  ^ 
consequcfitiy  thi^ 
are  divergtat  *si^ 
reference  to  the  secondary  axes,  and  therefore,  when  produced,  will  cull 
axes  in  A'  and  B'  respecti\*ely.    These  points  are  the  virtual  foci  of  A I 
B  respectively.    The  lens,  therefore,  produces  at  A''B'  an  ettxx  atHl  1 
virtual  image  of  the  object  AB. 


^if^ 


Fig    5 lev 


^sq 
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Tbe  position  and  magnitude  of  this  image  depend  on  the  distance  of  the 
fki^/KX  from  the  focus.  Thus,  if  AB  is  moved  to  ab^  nearer  the  lens,  the 
scmdvy  axis  will  contain  a  greater  angle,  and  the  image  will  be  formed  at 
^y^  and  will  be  much  smaller,  and  nearer  the  eye.  On  the  other  hand,  if 
1^  object  is  moved  farther  from  the  lens,  the  angle  between  the  secondary 
aes  is  diminished,  and  their  intersection  with  the  prolongation  of  the  re- 
dieted  rays  taking  place  beyond  A'B',  the  image  is  formed  farther  from  the 
ki&,  and  is  larger. 

Id  a  simple  microscope  both  chromatic  aberration  and  spherical  aberra- 
with  the  degree  of  magnification.  We  have  already  seen  that 
can  be  corrected 
If  astug  achromatic  lenses 
^X  and  the  latter  by  using 
nopi^  which  aUow  the  pas- 
■ifc  of  sQch  rays  only  as 
us  oearly  parallel  to  the 
wm^  the  spherical  aberration  t  ig.  51 1- 

tf  theae  ra>Ti  being  nearly  inappreciable.  Spherical  aberration  may  be  still 
hnhcr  conected  by  using  two  plano-convex  lenses,  instead  of  one  very 
\  lens.  When  this  is  done,  the  plane  face  of  each  lens  is  turned 
i  the  object  (fig.  511).  Although  each  lens  is  less  convex  than  the 
ICBS  which  together  they  replace,  yet  their  joint  magnifying  power  is 
It,  Msd  with  a  less  amount  of  spherical  aberration,  since  the  first  lens 
liywards  the  axis  the  rays  which 
iIm  second  lens.  This  combination 
ii  known  as  Woltastof^s  dauhUt. 
ate  many  forms  of  the  simple 
One  of  the  best  is  that  re- 
IB  fig.  512.  On  a  honzontaJ 
£^  which  can  be  raised  and 
hf  a  rack  K  and  pinion  D,  there 
ick  tfipUu  m.  In  the  centre  ot 
\  ik^  a  small  convex  lens.  Below 
be  j6^  ^,  which  is  fixed,  and  on 
be  object  b  placed  between  glass 
In  order  to  illuminate  the  object 
y,  diffused  light  is  reflected  from 
glass  mirror,  M,  so  that  the 
tmyi  fall  upon  the  object  fn 
^i  Biicfoscope  the  e>*e  is  placed 
the  lens,  which  is  lowered  or 


whkii  \ 


T\%r   J*». 


the  position  is  found  at  which  the  object  appears  in  its  greatest 


j9;f.  Oeatfttlov*  of  dSsttoctBess  of  tlio  imacea, — In  order  that  objects 

1  «t  thfough  a  microscope  should  b«  seen  with  distinctness  they  must 

r  a  straaf  lighl  thrown  upon  them,  but  this  is  by  no  means  enoughs     ft 

thai  the  image  be  formed  at  a  determinate  distance  from  the 

\  fiKt,  there  ts  for  each  person  a  distance  0/  most  distinct  vision — q 

t  it  to  lay,  at  which  an  object  must  be  placed  from  an  observer's 
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^e  in  order  to  be  seen  with  greatest  distinctness.    This  distance  is  difiierent 
for  different  observers,  but  ordinarily  is  between  lo  and  12  inches.     It  is, 
therefore,  at  this  distance  from  the  eye  that  the  image  ought  to  be  formed. 
Moreover,  this  is  why  each  observer  has  to  focus  the  instrument ;  that  is,  to 
adapt  the  microscope  to  his  own  distance  of  most  distinct  vision.    This  is 
effected  by  slightly  varying  the  distance  from  the  lens  to  the  object,  for  wc 
have  seen  above  that  a  slight  displacement  of  the  object  causes  a  great  dis- 
placement of  the  image.    With  a  common  magnifying  glass,  such  as  is  held 
in  the  hand,  the  adjustment  is  effected  by  merely  moving  it  nearer  to  or 
farther  from  the  object.     In  the  microscope  the  adjustment  is  efiected  by 
means  of  a  rack  and  pinion,  which  in  the  case  of  the  instrument  shown  n 
fig.  512  moves  the  instrument,  but  moves  the  object  in  the  case  of  the 
instrument  depicted  in  fig.  517.    What  has  been  said  siboMt  focussing  the 
microscope  applies  equally  to  telescopes.     In  the  latter  instrument  the  ey^ 
piece  is  generally  adjusted  with  respect  to  the  image  formed  in  the  focus  of 
the  object-glass. 

In  respect  of  the  distinctness  of  the  image  the  general  rules  for  conva 
lenses  apply. 

In  order  to  lessen  dispersion  lenses  have  been  constructed  of  diamond, 
of  ruby,  and  of  other  precious  stones,  which  for  a  small  amount  of  dispersoi 
have  a  great  degree  of  refrangibility.  Drops  of  water  or  of  Canada  balsam 
in  minute  apertures,  in  a  thin  piece  of  wood  or  of  metal,  act  as  microscopes. 

588.  Apparent  maffiiimde  of  ma  object. — The  apparent  magnitode 
or  apparent  diameter  of  a  body  is  the  angle  it  subtends  at  the  eye  of  ^ 


Fig.  5M. 

observer.  Thus,  if  AB  is  the  object,  and  O  the  observer's  eye  (figs.  513, 5I4)» 
the  apparent  magnitude  of  the  object  is  the  angle  AOB  contained  by  t«o 
visual  rays  drawn  from  the  centre  of  the  pupil  to  the  extremities  of  the  object 
In  the  case  of  objects  seen  through  optical  instruments,  the  aqf^ 
which  they  subtend  are  so  small  that  the  arcs  which  measure  the  angks  ^ 
not  differ  sensibly  from  their  tangents.  The  ratio  of  two  such  angles  ii 
therefore  the  same  as  that  of  their  tangents.  Hence  we  deduce  the  t«o 
following  principles :  — 
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Bpw^  oSjectuseen  ai  unequal  distanceSy  the  apparent  diamtter 
^  as  the  distance  from  the  abserver^s  eye, 

"mse  of  tivo  objects  seen  <tt  the  satne  distatice^  the  ratio  of  the 
Meiers  is  the  same  as  that  of  their  absoiute  magnitudes, 
dples  may  be  proved  as  follows  \ — i.  In  fig.  513,  let  AB  be  the 
irst  position,  and  ab  the  same  object  in  its  second  position, 
►f  distinctness  these  are  represented  in  such  positions  that  the 
\  at  ri^'ht  angles  through  their  middle  points  C  and  c  respec- 
however,  sufficient  that  ab  and  AB  should  be  the  bases  of 
jlcs  having  a  common  vertex  at  O.  Now,  by  what  has  beea 
3  is  virtually  an  arc  of  a  circle  described  with  centre  O  and 
be  wise  o^  is  virtually  an  arc  of  a  circle  whose  centre  is  O  and 
liereforei« 

AB  ,  ab      \         1 


AOB  \aQb* 


OC      Or    OC   •  Ot 


B  vajies  inversely  as  OC. 

and  A'B'  be  two  objects  placed  at  the  same  perpendicular 
from  the  eye,  O,  of  the  observer  ^g.  514),  Then  they  are 
»f  a  circle  whose  centre  is  O  and  radius  OC.     Therefore, 


AOB  :  A'OB'- 


AB 
OC 


►  AB  :  ab; 


hich  expresses  the  second  principle. 

wt%  of  macnlllcmtloB* — In  the  simple  microscope  the  mea- 

gnification  produced  is  the  ratio  of  the  apparent  diameter  of 

that   of 

h  being 

of  most 

I.    The 

b  good 

»MOp&. 

I  impor^ 
an  ex- 
te  mag- 
pending 
are  of 
lation. 
lei  AB 
DdA'B' 
led  at  the 


distance   of  most  distinct  vision. 


Let  a*b*  be  the 


AB  00  A'B'*      Then,  since  the  eye  is  very  near  the  glass. 


on  equal 


A'OB'    _AB\ 


that  is. 


AB' 


But  since  the  tri- 


^t  aOF"  "*  a'b'  '  "  "'  "'  AB 
lod  AOB  arc  similar,  A'B' :  AB  -  DO  :  CO.  Now  DO  is  the 
It  distinct  vision,  and  CO  is  very  nearly  equal  to  FO,lhc  focal 
i**a  ThereforCf  the  magnification  equals  the  ratio  of  the  dis- 
iiittsict  vision  to  the  focal  length  of  the  lens.  Hence  we  con- 
mollification  is  greater,  ist,  as  the  focal  length  of  the  lens  is. 


smaller— in   other   words,  as  the  lens  is  more  convergent;  2ndly^ 
observer's  distance  of  most  distinct  vision  is  greater 

A  simpler  and  more  genera]  definition  of  the  measure  of  ma^ii 
may  be  stated  thus  : — Let  a  be  the  angular  magnitude  of  the  object  i 
by  the  naked  eye,  ff  the  angular  magnitude  of  the  image,  whether 
virtual,  actually  present  to  the  eye,  then  the  magnification  is  ^^o. 
rule  applies  to  telescopes. 

By  changing  the  lens  the  magnification  can  be  increased,  but  only 
certain  limits  if  we  wish  to  obtain  a  distinct  image.  By  means  of  a 
microscope  distinct  magnitication  may  be  obtained  up  to  130  diamettt 

The  magnification  we  have  here  considered  is  Hnear  magnifi 
Superficial  magnification  equals  the  square  of  the  limar  magnificatk 
instance,  the  former  will  be  1,600  when  the  latter  is  4a 

590.  Frlnclple  of  tli«  compoiiad  laleroaoope.^ — The  compound 
scope  in  its  simplest  form  consists  of  two  condensing  lenses:  oflie, 
short  focus,  is  called  the  object-glass^  or  objective^  because  it  is  turned  ti 
the  object ;  the  other  is  less  condensing,  and  is  called  the  ^ytpua^  or^ 
because  it  is  close  to  the  observer's  eye. 

Fig.  516  represents  the  path  of  the  luminous  rays  and  the  forma 
the  imajic  in  the  simplest  form  of  a  compound  microscope.     An  obji 

being  placet 
near  the  pij 
focus  o{  ihA| 
glass  M,  but  i 
farther  finoo 
glass^a  real 
aby  inverted 
somewhat  | 
Now  the^ 
of  the  two  lenses  M  and  N  is  such  that  the  position  of  the  imagi 
between  the  eyepiece  N  and  its  focus  F.  From  this  it  follows  that  I 
eye  at  E,  looking  at  the  image  through  the  eyepiece,  this  glass 
same  effect  as  a  simple  microscope,  and  instead  of  this  image 
image,  a*b\  is  seen,  which  is  virtual,  and  still  more  magnified, 
image,  although  erect  as  regards  the  first,  is  inverted  in  ref< 
object.  It  may  thus  be  said  that  the  compound  microscope  is 
simple  microscope  applied  not  to  the  object,  but  to  its  image 
fied  by  the  first  lens. 

591.  Oompoiuid  mleroseopet — The  principle  of  the  comi 
scope  has  been  already  (590)  explained ;  the  principal  ac 
instrument  remain  to  be  described. 

Fig.  517  represents  a  perspective  view,  and  fig.  518  r  »e<ttoii 
pound  microscope.    The  body  of  the  microscope  consists  of  a  sen 
lubes,  DD',  H,  and  I ;  in  H  is  fitted  the  eyepiece  O,  and  in  the 
of  DD'  the  object-glass  o.    The  tube  I  moves  with  gentle  fricti 
DD',  which  in  turn  can  also  be  moved  in  a  larger  tube  fix^ 
This  latter  is  fixed  to  a  piece  BB\  which  by  means  of  a  very 
worked  by  the  milled  head  T,  can  be  moved  up  and  down  an  inner 
represented  in  the   figure.    The  whole  body  of  the  mtcro§c«>pe 


tig.  316. 

fied,  is  formed  on  the  other  side  of  the  object-glass  (556). 


<-J91] 
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,^uid  lowered  with  the  piece  BB',  so  that  it  can  be  placed  near  or  far 
^CrDOD  the  object  to  be  examined.  Moreover,  the  rod  c^  and  aJl  the  other 
pieces  of  the  apparatus,  rest  on  a  horizon ta]  axis  A,  with  which  they  turn 
aoder  so  much  friction  as  to  remain  fixed  in  any  position  in  which  they  may 
be  placed.  ^ 

The  objects  to  be  observed  are  placed  between  two  glass  p.ates,  V,  on 
Bi  J^b^t  R*  ThiB  is  perforated  in  the  centre,  so  that  light  can  be  reflected 
upon  It  by  a  concave  reflecting  glass  mirror,  M.    The  mirror  is  mounted  on 


:-f^ 


'    I 


Fig-  518. 


lift.  V7. 

irn  support   so  thai  it  can  be  placed  in  any  position  whatever^  so 

I  to  the  object  either  the  dlMised  light  of  the  atmosphere,  or  that 

\  M  etadJe  or  tamp.     Between  the  reflector  and  the  stage  ts  a  diapArapn 

,  K,  pcfforated  by  four  holes  of  different  sizes,  any  one  of  which  can 

teplao04  over  the  perforation  in  the  stage,  and  thus  the  light  falling  on  the 
dbflM  VUif  be  regulated  ;  the  light  can,  moreover,  be  regulated  by  raising, 
bf  m  lev^  li,  the  diaphragm  K,  which  is  movable  in  a  slide.  Abo^^e  the 
dtaplmgai  if  A  piece,  im,  to  which  can  be  attached  cither  a  very  »mall  stop, 
m  llwi  edy  very  little  light  can  reach  the  object,  or  a  condensing  lens, 
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which  illuminates  it  strongly,  or  an  oblique  prism,  represented  at  X.  TTie 
rays  from  the  reflector  undergo  two  total  reflections  in  this  prism,  and 
emerge  by  a  lenticular  face  that  concentrates  them  on  the  object,  but  in  ah 
oblique  direction,  which  in  some  microscopic  observations  is  an  advantage 
Objects  are  generally  so  transparent  that  they  can  be  lighted  from  belofw: 
but  where,  owing  to  their  opacity,  this  is  not  possible,  they  are  lighted  1 
above  fay  means  of  a  condensing  lens  mounted  on  a  jointed  support,  ; 
placed  that  they  receive  the  diffused  light  of  the  atmosphere, 

Fig»  518  shows  the  arrangement  of  the  lenses  and  the  path  of  the 
in  the  microscope.     At  o  is  the  object-glass,  consisting  of  three  small  1 
densing  lenses,  represented  on  a  larger  scale  at  L,  on  the  right  of  the  fig 
The  effect  of  these  lenses  being  added  to  each  other  is  that  they  act  like  i 
single  very  powerful  condensing  lens.     The  object  being  placed  at  t%  a  reiy 
little  beyond  the  principal  focus  of  the  system,  the  emerging  rays  fall  upon  I 
fourth  condensing  lens,  «,  the  use  of  which  will  be  seen  presently  (592,  59)j» 
Having  become  more  convergent,  owing  to  their  passage  through  the  lea* 
I/,  the  rays  form  at  an'  a  real  and  amplified  image  of  the  object  /.    Tlk 
image  is  between  a  fifth  condensing  lens,  O,  and  the  principal  focus  of  rfii* 
lens.    Hence,  on  looking  through  this,  it  acts  as  a  magnifier  (5 56),  and  giit* 
at  AA'  a  virtual  and  highly  magnified  image  of  aa\  and  therefore  of  the 
object.     The  two   glasses  rt  and  O  constitute  the  eyepiece,  in  the  sime 
manner  as  the  three  glasses  o  constitute  the  object-gbus. 

The  first  image,  «^',  m^st  not  merely  be  formed  between  the  glaii^ 
and  its  principal  focus,  but  at  such  a  distance  from  this  glass  that  the  1 
image,  AA',  is  formed  at  the  observer's  distance  of  distinct  vision, 
result  is  obtained  in  moving,  by  the  hand,  the  body  DH  of  the  mic 
in  the  larger  tube  fixed  to  the  ring  E,  until  a  tolerably  distinct  un^l 
obtained  ;  then  turning  the  milled  head  T  in  one  direction  or  the  < 
Ihe  piece  BB',  and  with  it  the  whole  microscope,  are  moved  until  thei 
AA'  attains  its  greatest  distinctness,  which  is  the  case  when  the  inogt  i 
is  formed  at  the  distance  of  distinct  vision  :  a  distance  which  can  al«ayil 
ultimately  obtained,  for  as  the  object-glass  approaches  or  recedes  from  1 
object,  the  image  aa*  recedes  from  or  approaches  the  eyepiece,  and  i!  I 
same  time  the  image  AA'. 

This  operation  is  called  the  focussin/^.     In  the  microscope,  where  I 
distance  from  the  object-glass  to  the  eyepiece  is  constant,  it  is  effected  I 
altering  their  distance  from  the  object      In  telescopes,  where  the 
are  inaccessible,  the  object  is  effected  by  varying  the  distance  of  die  ( 
piece  and  the  object-glass. 

The  microscope  possesses  numerous  eyepieces  and  object ^gtassest  If 
means  of  which  a  great  variety  of  magnifying  power  is  obtained.  A  lOiQ 
magnifying  power  is  also  obtained  by  removing  one  or  two  of  the  loMi  of 
the  object-glass. 

The  above  contains  the  essential  features  of  the  microscope  ;  it  it  mMilt 
in  a  great  variety  of  forms,  which  differ  mainly  in  the  conftmoioQ  of  \ 
stand,  the  arrangement  of  the  lenses,  and  in  the  illuminatiocL     For  1 
tions  of  these  the  student  is  referred  to  special  works  on  the  microscope^ 

592.  AetiromAtUiB  of  tte  microscope.     Cainp>Jii*»  oy^optooo. — V 
a  compound  microscope  consists  of  two  single  lenses»  as  ia  fig.  517,  hoc  orff" 
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^r"^^eT^ca^  aberration  uncorrected,  but  also  the  chromatic  aberration, 
ct  causing  the  images   to   be  surrounded   by  fringes  of  the 

_  J  jurs^  ihcsc  fringes  being  larger  as  the  magnitication  is  greater. 

It  is  with  a  view  to  correcting  these  aberrations  that  the  object-glass  (sec 
^*'  517)  is  composed  of  three  achromatic  lenses,  and  the  eyepiece  of  two 
>,  m  and  m  ;  for  the  ^rst  of  these,  1,  would  be  enough  to  produce  colour 
iiii«:35  the  magnifying  power  were  low. 

The  elfect  of  this  eyepiece  in  correcting  the  colour  may  be  explained 
as  fbtlows : — ^It  will  be  borne  in  mind  chat  with  respect  to  red  rays  the  focal 
kpgitil  of  a  lens   is  greater  than  the  focal  length  of  the  same  lens  with 
to  the  \iolct  rays.                                                                               o 
In  ^cX^  if  in  Uic  equation  (4)  (559)  we  write  R'»oo,  wc  obtain/-  , 


gtres  the  focal  length  of  a  plano-convex  lens  whose  refractive  index 
ti  flL  Now,  in  flint  glass,  and  for  the  red  ray,  n  —  1  equals  0*63,  and  for  the 
violet  ray  n  —  1  equals  0*67. 

Let  «^  be  the  Dbjcct^  O  the  object-glass,  which  is  corrected  for  colour, 
Ccmeq^eotiy,  a  pencil  of  rays  falling  from  a  on  O  would  converge  to  the 


Hi  any  b»:^j.i 
Vould  iimw 


Fi«*  5«9- 


.  fu»n  of  colours  ;  but  falling  on  the  fieid-glass  C, 
i^.r  111  r»  the  violet  rays  to  t/,  and   intermediate 
\r  points.      In   like    manner  the   rays   from   A,  after 

\f..  fd-glas5»  would  converge  to  r',  or  s/,  and  intcrme- 

Sii  iliat  on  the  whole  there  would  be  formed  a  succession  of 
f^s  of  ith  ;  viz.  a  red  image  at  n^^  a  violet  image  at  inf*^  and 
tlMT  if  intermediate  colours.     Let  d  be  the  point  of  the 

on  the  axis.     The  rays  from  d  will  converge  to  R, 
IfRcrmcdiate  points.     Now  suppose  the  eye-glass  U'  to  be  placed  in 
nftttOCf  that  K  is  the  principal  focus  of  O'  for  the  red  rays,  then  V 
its  priacipal  fc»cus  for  the  violet  rays.     Consequently,  the  red  rays, 
from  O,  will  be  parallel  to  the  axis,  and  so  will  the  violet 
from    V,  and  so   of  any  other  colour.       Accordingly,  the 
d^  which  arc  separated  by  C,  are  again  combined  by  0\    The 
r  b  very  Dearly  true  of  r  and  v^  and  of  r^  and  v\    Hence  a  combination 
»  C  afid  O'  corrects  the  chromatic  aberration  that  would  be  produced 
\  irf  m  tmgle  eye-glasa.   Moreover,  by  drawing  the  rays  towards  the 
\  the  fphcHcal  aberration,  and,  as  we  shall  see  in  the  noci 
I  the  field  of  view. 
all  eyepieces  con!»isimg  of  two  lenses  the  lens  to  which  the  eye  i% 
Is  catted  the  eye -lens  j  the  one  towards  the  object -gLisi  is  called  the 
The  eyepiece  above  described  was  invented  by  Huygheas,  who 
rvevcr,  aware  of  it^  property  of  achromatism.    He  designed  it  for  ute 
I  the  id^cope.   It  was  applied  to  the  microscope  by  Campani.  The  rda- 
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tion  between  the  focal  length  of  the  lenses  is  as  follows  : — The  U 
of  the  field-glass  is  three  times  that  of  the  eye-lens,  and  thedistai 
their  centres  b  half  the  sum  of  the  focal  length.  It  easily  follow 
that  the  image  of  the  point  d  would,  but  for  the  interposition  of  th 
be:  formed  at  D,  which  is  so  situated  that  CD  is  three  times  DO' 
mean  of  the  coloured  images  would  be  formed  midway  between  ( 
593.  rield  of  Tlew. — By  the  field  of  view  of  an  optical  in 
meant  all  those  points  which  are  visible  through  the  eyepiece, 
tage  obtained  by  the  use  of  an  eyepiece  in  enlarging  the  field  of  1 
readily  understood  by  an  inspection  of  the  accompanying  figure. 
O  is  the  object-glass,  C  the  field-lens,  O'  the  eye-lens,  and  £  the 
on  the  axis  of  the  instrument.  Let  a  be  a  point  of  the  object ;  if 
the  field-lens  removed,  the  pencil  of  rays  from  a  would  be  bi 
focus  at  A,  and  none  of  them  would  fall  on  the  eye-lens  O',  nor  p 


Fig.  5ao. 

eye  E.     Consequently,  a  is  beyond  the  field  of  view.     But  wb 
glass  C  is  interposed,  the  pencil  of  rays  is  brought  to  a  focu 
emerges  from  O'  into  the  eye.     Consequently,  a  is  now  withir 
view.     It  is  in  this  manner  that  the  substitution  of  an  eyepiec 
eye-lens  enlarges  the  field  of  view. 

594.  MMmtiytPr  power.    Xloromotor. — The  magnifyinf 
optical  instrument  is  the  ratio  of  the  magnitude  of  the  imag 
nitude  of  the  object    The  magnify! 
compound  microscope  is  the  produc 
live  magnifying  powers  of  the  objf 
the  eyepiece  ;  that  is,  if  the  first  of 
20  times,  and  the  other  10,  the  » 
power  is  200.     The  magnifying  p 
the  greater  or  less  convexity  cif 
and  of  the  eyepiece,  as  well  as  01 
tween  these  two  glasses,  together 
of  the  object  from  the  object-gla.' 
power  of  1,500  and  even  upw 
tained  ;  but   the  image  then  I 
what  it  gains   in  extent.    To  » 
well-illuminated  images,  the  magnifying  power  ought  m 
600  diameters,  which  gives  a  superficial  enlargement  250 
that  of  the  object. 

The  magnifying  power  is   determined  experiments 
micrometer :  this  is  a  small  glass  plate,  on  which,  by 
a  series  of  lines  is  drawn  at  a  distance  from  each  > 
-lUnietre.     The  micrometer  is   placed  in  front  of 
••.oxv\T\vr   directly   the   rays  emergii 


Fig.  521. 
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received  on  a  piece  of  glass  A  (fig.  52 1  \  mclined  at  an  angle 

I  the  eye  is  placed  above  so  as  to  see  the  image  of  the  micro- 

which  is  fonned   by  reflection  on  a  screen  E,  on  which  is  a 

into  miUimetres.     By  counting  the  number  of  divisions  of  this 

sponding  to  a  certain  number  of  lines  of  the  image,  the  magni- 

may  be  deduced.    Thus,  if  the  image  occupies  a  space  of  45 

\  on  the  scale  and  contains  1 5  lines  of  the  micrometer,  the  distance 

ch  of  which  shall   be  assumed  at  ^\^  milimctre,  the  absolute 

\  of  the  object  will  be  ^^-  millimetre  ;  and  as  the  image  occupies  a 

15  millimetres,  the  magnification  will  be  the  quotient  of  45  by  j?-*j, 

^c  eye  in  this  experiment  ought  to  be  at  such  a  distance  from  the 

that  the  screen  is   distinctly  dsible  :   this   distance  varies  with 

vers,  but  is  usually  10  to  12  inches.     The  magnifjing  power 

ope  can  also  be  determined  by  means  of  the  camera  lucida, 

[  once  the  magnifying  power  is  known,  the  absolute  magnitude  of 

iced  under  the  microscope  is  easily  deduced     For,  as  the  magni- 

is  the  quotient  of  the  size  of  the  image  by  the  size  of  the  object, 

^tiiai  the  size  of  the  image  divided  by  the  magnifying  power  gives 

fthc  object :  tn  this  manner  the  diameters  of  all  microscopic  objects 


TELESCOPES. 

BOflilo*!  talese^ne.^ — The  astronomical  telescope  is  used  for 

the  heavenly  bodies  :  like  the  microscope,  it  consists  of  a  con- 


ima^  of  the  heavenly  body ;  and  this  eyepiece,  which  acts  as 
_  gUss,  then  gives  a  virtual  and  highly  magnified  image,  tf*^,  of 
mk.  The  astronomical  telescope  appears^  therefore,  analogous  to 
Kope  :  but  the  two  instruments  differ  in  this  respect,  that  in  the 
e,  lie  object  being  very  near  the  object-glass,  the  image  is  formed 
the  principal  focus,  and  is  greatly  magnified,  so  that  both  the 
the  eyepiece  magnify  ;  while  in  the  astronomical  telescope, 
y  being  at  a  great  distance,  the  incident  rays  arc  pamlkl, 
^rroed  in  the  principal  focus  of  the  object-glass  is  much 
the  object  There  is,  therefore,  no  magnification  except  by 
this  ought,  therefore,  to  be  of  very  short  focal  length, 
gui  ^tronomical  tclcscoije  mounted  on  its  stand.  Above 
I  telescope  which  is  called  the  finder  Telescopes  with  a 
power  are  not  convenient  for  finding  a  star,  as  tlic)  have 
Md  of  view  :  the  position  of  the  star  is,  accordingly^  first  sought 

N  N  z 
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by  the  finder,  which  has  a  much  larger  field  of  view— that  is,  takes  in  a  i 
j^rcaler  extent  of  the  heavens  ;   it  is  then  viewed  by  means  of  the  tde 


The  magnification  (5S9)  equals 


ACB 


(fig*  513);  that  is,  It  e<[uals 


approximafely  equal  to—  ,  F  being  the  focus  of  the  obj&cft 

glass    M, 


Fig.  51*4. 


Fig.  523. 


and  therefore  is 

being  supposnj 
very  ne^y  fo 
coincide  viih 
the  focus  d 
thce)TpieaK; 
it  may,  ihcr?* 
fore,  be  con- 
cluded ihitiKe 
magoifyiD^" 
power  i» 
greater  in  pn^ 
portion  as  (k 
object-^llis  ii 
less  conTt^ 
gent,  and  tte 
eyepiece  Wrt 
so, 

VVhefl  tte 
I  r  Icscape  " 
used  10 

crvation  of  the  stars— for  example,  the  zenith  distance,  or  their 

Over  the  meridian— a  cr&ss  wire  is  added.     This  consists  of  two  ¥8T 

tietal  wires  or  spider  threads  stretched  across  a  circular  aperture  ll>& 

[letal  plate  (fig.  524).    The  wires  ought  to  be  placed  in  tbt  pQ^tioB 

he  inverted  image  is  produced  by  the  object*glass,  and  the   pdot 

^the  wires  cross  ought  to  be  on  the  optical  axis  of  the  telescope,  which 

becomes  the  line  0/ sight  or  ccilimati&n* 

5q6.  Terreatrlftl  teleseope. — The  terrestrial  telesc^  ditfm  &«■ 
aistronomical  telescope  in  producing  images  in  their  right  po%itiooi» 
JefTected  by  means  of  two  condensing  glasses,  P  and  Q  (fig,   5J5), 
between  the  object-glass  M  and  the  eyepiece  R.    The  object  bbaj 

posed  to  ' 
AH,  at  a 
dtsimnce 
can    be  ibotf 
in  the  dr4«i* 
an  inverted  it^ 
► '«  Hi  much 

iniage  tt 
it  ba  on  the  other  side  of  the  objeci-gUss.     But  the  second  lew,  P, 
inch  a  distance  that  its  principal  focus  coincides  with  the  bridge  ^\ 
i/hich  it  follows  that  the  luminous  rays  which  pass  through  ^|  fer 
/fcr  traversing  the  lens  P,  take  a  direction  paraJlei  to  the 
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|o]l  Slmitarly,  the  rays  passing  by  a  take  a  direction  parallel  to  the 
1^  After  crossing  in  H,  these  various  rays  traverse  a  third  lens  Q, 
Hptnctpal  focus  coincides  witii  the  point  H.  The  i>encil  B^^H  con- 
Stowards  ^,  on  a  secondary  axis  0'b\  parallel  to  its  direction  ;  the 
I  AiH  converging  in  the  saine  manner  at  a\  an  erect  image  of  the 
t  AB  b  produced  at  a'b\  This  image  is  viewed^  as  in  the  astrono- 
\  tel^cope^  through  a  condensing  eyepiece  R,  so  placed  that  it  acts  as 
il^ifying  glass  ;  that  is,  its  distance  from  the  image  a'b*  is  less  than  the 
ipal  focal  distance  ;  hence  there  is  formed,  at  a'*b*\  a  virtual  image  of 
tftici  and  much  magnified.  The  lenses  P  and  Q,  which  only  serve  to 
jf  the  position  of  the  image,  are  fixed  in  a  brass  tube,  at  a  constant 
lace^  which  is  equal  to  the  sum  of  their  principal  focal  distances.  The 
t-gtass  M  moves  in  a  tube,  and  can  be  moved  to  or  from  the  lens  P, 
at  the  image  ab  is  always  formed  in  the  focus  of  the  lens,  whatever  be 
laitaBce  of  the  object*  The  distance  of  the  lens  R  may  also  be  varied 
it  the  ima^e  a'*b"  may  be  formed  at  the  distance  of  distinct  vision. 
"bis  instrument  may  also  be  used  as  an  astronomical  telescope  by  using 
ferent  eyepiece  :  this  must  have  a  much  g^reatcr  magnifying  power  than 
i  iofiDCr  case. 

1  ills  terrestrial  telescope  the  magnifying  power  is  the  same  as  in  the 
noikiical  telescope,  provided  always  that  the  correcting  glasses,  P  and 
wm  the  same  convexity. 

i  Ofdier  to  determine  directly  the  magnifying  power  of  a  telescope  when 
k  not  great,  a  divided  scale  at  a  distance,  or  the  liles  of  a  house  may 
iwad  Uiroutgh  the  telescope  with  one  eye  and  directly  with  the  other.  This 
HfeUe  practice  is  not  difficult  It  is  thus  observed 
^By  inm^gnilied  divisions  correspond  to  a  single 
IBm  ooc.  TliuSf  if  two  seen  through  the  telescope 
|r  tike  ^eiren,  the  magnifying  power  is  3). 
HlBeGcdkiice  of  a  telescope  depends  also  on  the 
^■S  of  tlHr  images.  To  lest  this  various  circular 
^puUir  itgures  are  painted  in  black  on  a  white 
^Vf  ibown  in  6g.  526,  in  about  }^  the  full  size, 
i  ibeie  are  looked  at  through  the  telescope  at  a  ^'^'  '^' 

Bfe  of  80  or  100  paces  they  should  appear  sharply  defined,  perfectly 
It  diMortion,  and  without  coloured  edges. 

xtm  tmlmm^o99,^GahUo's   telesccfie   is  the   simplest   of   all 
it  only  consists  of  two  lenses  ;  namely^  an  object-glass,  M,  and 
double  con- 

,  R  (fi*^  527;, 

L  ocice  an  erect 

O^tnt'^Utsxes  are 

Uiis    prin 


lite  ob|ect   be  reprc-  Fi«- 5*7. 

d  by  llie  tm^i  line  AB, 

ll  Ifut  i  *   -xnd  smaller  image  would  be  formed  at  iut:  but   in 

fikm%  tl  c  R,  the  rays  emitted  from  the  points  A  and  B  arc 

El^  aod  diverge  from  the  secondary  axis  bO'  and  aO\  which  corre- 

IP  ihn  points  b  and  a  of  the  image.     Hence,  these  rays  produced 
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backward  meet  their  axes  in  la'  and  ^'  ;  the  eye  which  receives  them 
accordingly  an  erect  and  magnified  image  in  a*b\  which  appears  nearer^ 
because  it  is  seen  under  an   angle,  a*0*b\  greater  than  the  angle,  AG 
under  which  the  object  is  seen. 

The  magnifying  power  is  equal  to  the  ratio  of  the  angle  a'O'h'  to  li 
angle  AOB,  and  is  usually  from  2  to  4, 

The  distance  of  the  eyepiece  R  from  the  image  ab  \%  pretty  nearly  eqi 
to  the  principal  focal  distance  of  this  eyepiece  ;  it  follows,  therefore,  thai 
distance  between  the  two  lenses   is  the  distance  between  their  respective 
focal  distances ;  hence  Galileo*s  telescope  is  very  short  and  portable.      If 
has  the  advantage  of  showing  objects  in  their  right  position ;  and,  further, 
as  it  has  only  two  lenses,  it  absorbs  very  little  light :  in  consequence,  bow- 
ever,  of  the  divergence  of  the  emergent  rays,  it  has  only  a  small  field  oi  iw, 
and  in  using  it  the  eye  must  be  placed  very  near  the  eyepiece     The  eyt- 
piece  can  be  moved  to  or  from  the  object-glass,  so  that  the  image  ^^  » 
always  formed  at  the  distance  of  distinct  vision. 

The  opera-glass  is  usually  double,  so  as  to  produce  an  image  in  each  c)"^ 
by  which  greater  brightness  is  attained. 

The  time  at  which  telescopes  were  invented  is  not  known.     Some 
bute  their  invention  to  Roger  Bacon  in  the  thirteenth  century  ;  others  to  j, 
Porta  at  the  end  of  the  sixteenth  ;  others,  again,  to  a  Dutchman,  Jicqott 
Metius,  who,  in  1609,  accidentally  found  that  by  combining  two  glasses, 
concave  and  the  other  convex,  distant  objects  appeared  nearer  and 
larger.     Galileo's  was  the  first  telescope  directed  towards  the  beaveiis. 

its  means  Galileo  discovered  ^ 
mountains  of  the  moon,  Jopiltf^ 
satellites,  and  the  spots  on  thli>^ 

598.  Xefleetloir   totosetpii^ 
The  telescopes  previously  de«ft«" 
are  refracting  or  dioptric  tc 
It  iS|  however,  only  m  recent! 
that  it   has  been  possible  to  k 
struct  achromatic   lenses  of  \ 
si^e  ;  before  this  a  concave  1 
mirror   was    used    instead  of  t 
object-glass.      Telescopes    of 
kind     arc     called     rtfiidimg 
catoptric  telescopes.     The  ] 
forms  are  those  devised  by  Gfi 
Newton,  Hcrschel,  and  Ca 

599.  Tli«  Orvroiitta  M 
— Fig.  528  is  a  representatjon  ^ 
Grcgor>'s  telescope ;  it  is  mo^i^ 
on  a  stand,  about  which  it  is  m^' 
able,  and  can  be  inclined  it  ^ 
angle.     This  mode  of  mountinjC  » 

optional ;  it  uiay  be  equatorially  mounted.  Fig.  529  gives  a  kffiKitadiBil 
section.  It  consists  of  a  long  brass  tube  closed  at  one  end  by  a  coDCftveiB^ 
tallic  mirror,  M,  which  ts  perforated  in  the  centre  by  a  loitiid  aperture  throii^ 
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\  reach  the  eye.  There  is  a  second  concave  metal  mirror,  N,  near 
I  the  tube :  it  is  somewhat  larger  than  the  central  aperture  in  ihe 
lir,  and  its  radius  of  curvature  is  much  smaller  than  that  of  thc>  ] 
NT*  The  axes  of  both  mirrors  coincide  with  the  axis  of  the  tube. 
Ut  of  curvature  of  the  large  mirror  is  at  O^  and  its  focus  at  a(>^ 
as  SA  emitted  from  a  heavenly  body  are  reflected  from  the 
and  form  at  ah  an  inverted  and  very  small  image  of  the  heavenly 
e  distance  of  the  mirrors  and  their  curvatures  is  so  arranged  that 
n  of  this  image  is  between  the  centre,  Oy  and  the  focus,  /,  of  the 
or ;  hence  the  rays,  after  being  reflected  a  second  time  from  the 
brm  at  u'^'  a  magnified  and  inverted  image  of  aby  and  therefore 
\  position  of  the  heavenly  body.  This  image  is  \icwed  through 
^  P,  which  may  either  be  simple  or  compound,  its  object 
i^ify  it  again,  so  that  it  is  seen  at  a"b'\ 


Fig.  s>9. 

iewed  are  not  always  at  the  same  distance,  the  focus  of 

;  and  therefore  that  of  the  small  one,  vary  in  position. 

the  distance  of  distinct  vision  is  not  the  same  with  all  eyes,  the 

^  ought  to  be  formed  at  different  distances.     The  required  adjust- 

^  be  obtained  by  bringing  the  small  mirror  nearer  to  or  farther 

(er  one ;  this  is  ejected  by  means  of  a  milled  head,  A  (tig,  528), 

•  rod,  and  this  by  a  screw  moves  a  piece  to  which  the  mirror  is 

VewtmifAii  Ml««eopei — ^This  instrument  does  not  difTer  much 
^  Gregory ;  the  large  mirror  is  not  perforated,  and  there  is  a 
\  mirror  inclined  at  an  angle  of  45''  towards  an  eyepiece  placed  in 
Ihe  telescope. 


Kig.  5JO. 


PHfity  of  constructing  metallic  mirrors  caused  telescopes  of 
pxkd  Newtonian  construction  to  fall  into  disuse.  Of  late,  how- 
Cis  oi  Silvering  glass  mirrors  has  been  carried  to  a  high  state 
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■e  tdcsoope,  and  magtiifying  from  50  to  800  times  according  to  the  size  of 
pe  Silvered  mirror. 

I  In  reflectors  the  mirror  acts  as  object-glass,  but  there  is,  of  course,  no 
jhrDmatic  aberration.  The  spherical  aberration  is  corrected  by  the  form 
jpvcsi  to  the  reflector,  which  is  paraboloid^  but  slightly  modified  by  trial  to 
|Bst  tJie  eyepiece  fitted  to  the  telescope. 

I  The  miiTor  when  once  polished  is  immersed  in  a  silvering  liquid,  which 
pnslils  essentially  of  ammoniacal  solution  of  nitrate  of  silver,  to  which  some 
plnciDg  agest  is  added.  When  a  polished  glass  surface  is  immersed  in 
jkis  fiottsboOt  silver  is  deposited  on  the  surface  in  the  form  of  a  brilliant 
Metallic  layer,  which  adheres  so  firmly  that  it  can  be  polished  with  rouge  in 
|le  enal  nunner.  These  new  telescopes  with  glass  mirrors  have  the  ad- 
Imiage  ewer  the  old  ones  that  they  give  purer  images,  they  weigh  less,  and 
lie  mtich  shorter,  their  focal  distance  being  only  about  six  times  the  diameter 
|lli3ienurro<r. 

•  Tfcesc  details  known,  the  whole  apparatus  remains  to  be  described-  The 
iodyof  tlie  telescope  (fig.  531)  consists  of  an  octagonal  wooden  tube.  The  end 
is  Often  ;  the  mirror  is  at  the  other  end.  At  a  certain  distance  from  this 
two  axles  are  fijted,  which  rest  on  bearings  supported  by  two  wooden 
ts,  A  and  B.  These  arc  themselves  llxed  to  a  table,  PQ,  which  turns 
a  &Eed  plate,  RS,  placed  exactly  parallel  to  the  equator.  On  the  circum- 
of  the  turning-table  there  is  a  brass  circle  divided  into  560  degrees  ; 
^  beneath  it,  but  also  fixed  to  the  turning-table,  there  is  a  circular  toothed 
Mi^d,  is  which  an  endless  screw,  V,  works.  By  moving  this  in  either 
ffbcttioii  by  means  of  the  handle  m,  the  table  PQ,  and  with  it  the  telescope, 
be  toriKd.  A  vernier,  x,  fi.\ed  to  the  plate  RS,  gives  the  fraaions  of  a 
On  the  axis  of  the  motion  of  the  telescope  there  is  a  graduated 
O,  which  serves  to  measure  the  decimation  of  the  star — that  is,  its 
dbtaoce  from  the  equator  ;  while  the  degrees  traced  round  the  tabic 
lerre  10  measure  the  nghi  ascension — ^that  is,  the  angle  which  the  de* 
CSrde  of  the  star  makes  with  the  declination  circle  passing  through 
ont  poim  of  Aries, 

to  or^r  ti>  fi'f  thr  telescope  in  declination,  there  is  a  brass  plate,  E,  fi%t,6,  * 
tke  opright  vided  with  a  clamp,  in  which  the  limb  O  works,  and 

can  be  i-  :^ht  by  means  of  a  screw  with  a  milled  head  t\     iJXi 

tide  of  the  apparatus  there  is  the  eyepiece  o^  which  is  mounted  on  a 
plate,  on  which  there  is  also  the  small  prism  w,  represented 
in  fig.  530.     To  bring  the  image  to  the  right  place,  this  pUte  may 
J  means  of  a  rack  and  a  milled  head  a.    The  handle  n  serves  to 
or  mm^limp  the  screw  \\     The  drawing  was  one  taken  from  a  tele- 
the  miiTor  of  which  is  only  6 J  inches  in  diameter,  and  whidi  gives  a 
power  of  1 50  to  200. 
6of.  Vba  Sef«ottellaji  taleseopc. — Sir  \V.  HerschePs  telescope,  which 
i  leoeotl)  was  the  most  celebrated  instrument  of  mo<lem  times,  was  con- 
Kted  cm  a  method  differing  from  those  described.     The  mirror  was  so  in- 
■d  tlnEt  the  image  of  the  star  was  fonned  at  ab  on  the  side  of  the  telescope 
f  liie  cygptece  o  :  hence  it  is  tenned  the  front-vifw  telescope.     As  the 
^n  m  tJiia  ickacopc  only  undergo  a  single  rcfiection,  the  loss  of  light  is  less 
ja  ciJher  of  the  preceding  cases,  and  the  image  is  therefore  brighter. 
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The  magnifying  power  is  the  quotient  of  the  principal  focal  distance  of  the 

mirror  by  the  focal  distance  of  the  eyepiece. 

HerschePs  great  telescope  was  constructed  in  1789  ;  it  was  40  feet  in 

length,  the  great  mirror  was  50  inches  in  diameter.     The  quantity  of  light 

obtained  by  this  instni*-^ 
ment  was  so  great  a^ 
to  enable  its  inventor  t^ 
use  magnifying  pottcr^^ 
far  higher  than  ;uiythti^ 
which  had  hitherto  bc^^ 
attempted. 

Herschers  tek 
has   been   exceeded 
^  '**  ^''*  one   constructed  by  ihc 

late  Earl  of  Rosse.    This  magnificent  instrument  has  a  focal  distance  of  |j 

feet,  the  diameter  of  the  spectrum  being  six  feet     It  is  at  present  U5cdi> 

a  Newtonian  telescope,  but  it  can  also  be  arr^iged  as  a  front*view  tek- 

scope. 


INSTRUMENTS  FOR  FORMING  PICrURES  OF  OBJECTS. 

602.  Camera  olisoara. — The  camera  obsatra  (dark  chamber)  is,  as 
name  implies,  a  closed  space  impcr\'ious  to  light.   There  is,  howei'er,  a 
aperture  by  which  luminous  rays  enter,  as  shown  in  fig,  535.     The  rays  ^  ' 


ceeding  from'^ external  objects,  and  entering  by  this  apertnie,  fonn  ob  1^ 
opposite  side  an  image  of  the  objects  in  their  natund  colottrii  bm  off 
dimensions,  and  in  an  inverted  position^ 

Porta^  a  Neapolitan  physician,  the  inventor  of  this  tastniBiefityiMilldl 


Camera  Ludda. 
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fixing  a  double  convex  lens  in  the  aperture,  and  placing  a  white  screen  in 
JbcQS,  the  image  was  much  brighter  and  more  definite, 
Fi^,  533  represents  a  camera  obscura,  such  as  is  used  for  drawing.     It 
ist5  of  a  rectangular  wooden  box,  formed  of  two  parts  which  slide  in  and 
The  luminous  rays  R  pass  into  the  box  through  a  lens  B,  and  form  an 
on  the  opposite  side  O,  which  is  at  the  focal  distance  of  the  lens. 
tile  rays  are  reflected  from  a  glass  mirror  M,  inclined  at  an  angle  of  45"^, 
an  image  on  the  ground -glass  plate  N.     When  a  piece  of  tracing- 
is  placed  on  this  screen,  a  drawing  of  the  image  is  easily  made,     A 
looden  door,  A,  cuts  off  extraneous  light. 

The  box  is  formed  of  two  parts,  sliding  one  within  the  other,  like  the 

of  a  telescope,  so  that,  by  elongating  it  more  or  less,  the  reflected 

may  be  made  to  fall   exactly 

ihe  screen    N,  at  whatever  dis- 

thc  object  may  be  situated. 
Fig.  534  shows  another  kind  of 
obscura,  which  is  occasionally 
in   summer-houses.      In    a 
cas^  A,  there  is  a  triangular 
P  (fig*  53SX  which  acts  both 
tt  comlensing  lens  and  as  mirror. 
of  its  feces  is  plane,  but  the 
have  such  curvatures  that  the 
Cnabiaed    refractions^    on    entering 
eQicrging  from  the   prism,  pro- 
\  the  eflbct  of  a  meniscus  lens. 
Beaoe   rays    from    an   objea    AB, 
into  the  prism  and  un* 
tout   reflection    from    the 
a/,  form  at  o^  a  real  image  of 

In  fiff.  534  the  small  table  B  corre- 
to  tlie  focus  of  the  prism  in 
caue  A,  and  an  image  forms 
^  i  pleee  of  paper  placed  on  the 
The  whole  is  surrounded  by 
^Uaek  cortaiii,  so  that  the  observer  can  place  himself  in  complete  dark- 


;^*F<.. 
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€0$.  dUBOiii  taelda. — The  camera  ludda  is  a  small  instrument  depend- 
%Q«  totemal  reflection,  and  ier\es  for  taking  an  outline  of  any  object  It 
vcttled  by  WoUaston  in  1804,  tt  consists  of  a  small  four-sided  glass 
of  vllidi  fig.  536  gives  a  section  perpendicular  to  the  edges.  A  Is  a 
*lfcl  aaglc^  md  C  an  angle  of  135"!  the  other  angles,  H  and  D,  are  67J*. 
nepiMs  ffttts  on  a  stand,  on  which  it  can  be  raised  or  lowered,  and  turned 
t  or  le»  about  an  axis  parallel  to  the  prismatic  edges.  When  the  face 
ii  famed  towards  the  object,  the  rays  from  the  object  fall  nearly  per- 
00  this  face,  pass  into  the  prism  without  any  appreciable  refrac- 
re  totally  reflected  from  BC  \  for  as  the  line  <^r^is  perpendicular  to 
Be,  and  itL  to  AB,  the  angle  anh  will  equal  the  angle  B ;  that  is,  it  will  con- 
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tain  67^^,  and  this  being  greater  than  the  critical  angle  of  glass  (540),  the  ray 
L/f  will  undergo  total  reflection.    The  rays  are  again  totally  reflected  from 
o^  and  emerge  near  the  summit,  D,  in  a  direction  almost  perpendicular  to 
the  face  DA,  so  that  the  eye  which  receives  the  rays  sees  at  \J  an  image 
of  the  object  L.     If  the  outlines  of  the  image  are  traced  with  a  pencil,  ^ 
very  correct  design  is  obtained;  but  unfortmiateK 
there  is  a  great  difficulty  in  seeing  both  the  imafg* 
and  the  point  of  the  pencil,  for  the  rays  from  tb^ 
object  give  an  image  which  is  farther  from  the  e^ 
than  the  pencil.    This  is  corrected  by  placing  k^ 
tween  the  eye  and  prism  a  lens,  I,  which  gives  to 
the  rays  from  the  pencil  and  those  from  the  object 
the  same  divergence.     In  this  case,  however,  it  is 
necessary  to  place  the  eye  very  near  the  edge  of  the 
prism,  so  that  the  aperture  of  the  pupil  is  divided 
into  two  parts,  one  of  which  sees  the  image  and  the 
Fig.  535.  Q^hgj.  ^^  pencil. 

Amici's  camera  lucida,  represented  in  fig.  537,  is  preferable  to  that  of 
WoUaston,  inasmuch  as  it  allows  the  eye  to  change  its  position  to  a  coa- 
siderable  extent  without  ceasing  to  see  the  image  and  the  pencil  at  the 

same  time.  It  coa- 
sists  of  a  rectangular 
glass  prism  ABC, 
having  one  of  it$ 
perpendicular  feces 
turned  towards  ibc 
~  object  to  be  depicted, 
while  the  other  i$  « 
right  angles  to  an  in- 
clined plate  of  glass, 
mn.  The  ra>-s  Ll» 
^'*^  "^'  proceeding  from  the 

object,  and  entering  the  prism,  are  totally  reflected  from  its  base  at  D,  and 
emerge  in  the  direction  KH.  They  are  then  partially  reflected  from  the 
glass  plate  mn  at  H,  and  form  a  vertical  image  of  the  object  L,  which  i$ 
seen  by  the  eye  in  the  direction  OL'.  The  eye  at  the  same  time  sees 
through  the  glass  the  point  of  the  pencil  applied  to  the  paper,  and  thus 
the  outline  of  the  picture  may  be  traced  with  great  exactness. 

604.  aiaffio  lantern. — This  is  an  apparatus  by  which  a  magnified  image 
of  small  objects  may  be  projected  on  a  white  screen  in  a  dark  room.  The 
best  is  the  scioptkon^  fig.  538.  The  box  C,  the  side  of  which  is  shown  re- 
moved, is  constructed  of  sheet  iron  ;  ^is  the  flame  of  a  lamp  V,  with  twokmg 
flat  wicks,  fed  by  petroleum  from  the  reservoir  H.  The  box  is  airtight*  **^ 
the  chimney  F  producing  a  good  draught,  the  air  is  compelled  to  pass  through 
the  wicks,  by  which  smoke  and  smell  are  avoided,  and  a  flame  of  high 
illuminating  power  is  produced. 

The  ends  of  the  box  are  closed  by  glass  plates  /  and  x^.  G  is  a  hinged 
door,  and  on  its  inside  is  a  concave  mirror ;  o  and  o,  are  two  plano-coniei 
lenses  ;  /  a  spring  clamp,  in  which  is  placed  the  transparent  picture.    The 


ilidiiif  |>Sece  supports  the  lens  tube,  in  which  are  two  achromatic  lenses 
I  and  *>  the  fine  adjustment  of  which  is  effected  by  the  screw  S. 

The  rays  from  the  fiame  ^,  reinforced  by  the  reflection  from  G,  falling 
the  l«nscs  o^  o^,  are  made  parallel,  or,  at  all  events,  very  slightly  di^'cr- 
;  ibcir  lenses  are  accordingly  called  the  condensing  lenses,     Passjnf^ 
broQgh     the     object 
vhidi  is  depicted  on 
slide  pUced  in  p, 
llicy  mxc  coDcentrated 
^  HI  image  which  is 
recei%*ed  on  a  screen. 
The    tma^    b    in< 
prerted*  3md  hence,  if 
ftti^ects  arc  to  be  seen 
tbetr  erect   posi- 
i,    they    must    be 
inmn  iainerted     But 
bnfinary   drawings 
ettsity    adjusted 
fizbig  an  equila- 
ml  rectao^lar   prism,  P  (fig.  539),  in 
of  the  lens  lube,  so  that  the  hypo- 
ttMsluface  is  horizontal  The  parallel 
iilliilg  on  the  prism  arc  inverted  in 
ice  of  refraction  at  the  sides  and 
lacif  »-♦*•'•- <i'<n  from  the  hypothcnuse  sur- 
brr  I  upright  position  is  obtained 

ij  :  1 .4 1  c  verse  one.    The  dotted  lines 
mnd/ghik  give  the  path  of  two  rays. 
The  apparatus   can  be  used  for  pro-  •«*S39 

dfi  a  screen  not  only  flat  images,  but  also  simple  physical  experiments, 
i  th<  expansion  of  a  liquid  in  a  thermometer,  the  divergence  of  the  gold 
of  an  electroscope,  and  so  forth, 
DitM^nng  T'tni'j  are  obtained  by  arranging  two  magic  lanterns^  which 
<Kq;alle  alike,  with  different  pictures,  in  such  a  manner  that  both  pictures 
«t  pioduced  on  exactly  the  same  part  of  a  screen.  The  object-glasses  of 
tell  Imterns  are  closed  by  shades,  which  are  so  arranged  that  according  as 
fM  IS  raised  the  other  is  lowered,  and  vic^  versA.  In  this  way  one  picture 
il|yadiiaJly  seen  to  change  into  the  other. 

The  magnifying  power  of  the  magic  lantern  is  obtained  by  dividing  the 

of  the  lens  from  the  image  by  its  distance  from  the  object.     If  the 

ittSfe  n  I  DO  or  1  poo  times  farther  from  the  lens  than  the  object,  the  image 

«4be  1000?  t,ooo  times  as  large.     Hence  a  lens  with  a  ver>'  short  focus 

On  produce  a  %'ery  large  image,  provided  the  screen  is  sufficiently  large. 

605.  galar  iBlcro«ooi»e.^Thc   solar  rnicro&cope  is  in  reality  a  magic 

aimiimated  by  the  sun's  rays  ;  it  screes  to  produce  highly  magnified 

»  of  ircfy  small  objects.     It  is  worked  in  a  dark  room  r  lig.  540  rcpre- 

it  ^tted  in  the  shutter  of  a  room,  and  fig.  541  gives  the  internal  detaila^l 

The  sisn^s  rays  £sll  on  a  plane  mirror,  M,  placed  outside  the  room, 
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are  reflected  towards  a  condensing  lens,  /,  and  tbence  lo  a  second  tcn^ 
a  (fig.  541),  by  which  they  are  concentrated  at  its  focus.  The  object  to  ti| 
I  magnified  is  at  this  point ;  it  is  placed  between  two  glass  plates,  which,  hf 
means  of  a  spring,  «,  are  kept  in  a  firm  position  between  two  metal  pUte^ 
HL    The  object  thus  strongly  illuminated  is  veiy  near  the  focus  of  a  i 


-  yi. 
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tern  of  three  condensing  lenses,  jr,  which  forms  upon  a  screen  at  a  1 
distance  an  inverted  and  greatly  magnified  image,  <»^»     The  distance  < 
lenses  o  and  x  from  the  object  is  regulated  by  means  of  screws,  C  and  I 

As  the  direction  of  the  sun's  light  is  continually  varying,  the  posittooj 
the  mirror  outside  the  shutter  must  also  be  changed,  so  that  the  1 
always  in  the  direction  of  the  axis  of  the  microscope.     Tlie  most  exact  i 


Fig.  541. 

ratus  for  this  purpose  is  the  heliostat  (534) ;  but  as  this  instntment  m  fOT 
expensive,  the  object  is  usually  attained  by  inclining  the  mirror  to  a  poU^ 
or  less  extent  by  means  of  an  endless  screw  B,  and  at  the  same  timeCimiiC 
the  mirror  itself  round  the  lens  /  by  a  knob  A,  which  moves  m  a  fixed  M^ 
The  solar  microscope  labours  under  the  objection  of  coaceiitmiiig  grcUl 


f'^'  Si*- 


^  »  desired  to  obtain,  the  objective  x  is  fonncd  of  one,  two,  or  three  lenses, 

•to  ire  all  achromatic* 
ThtioUr  microscope  furnishes  the  means  of  exhibiting  to  a  large  audience 

Bttf  oniOtts  phenomena,  suchi  for  instance,  as  the  circulation  of  blood  in 

^  mrnJUtr  animals,  the  crystallisation  of  salts,  the  occurrence  of  minute 
^pramt  in  water,  vinegar,  lic.  &c. 

6a^  9%«to-^eetHo  mierose«pe«— This  is  nothing  more  than  the  solar 
•ieiwcope  which  is  illuminated  by  the  electric  light  instead  of  by  the  sun*« 
njiw  Tte  ciectric  light,  by  its  intensity,  its  steadiness,  and  the  readiness 
with  w^Mi  h  CM  be  produced  at  anytime  of  the  day,  is  far  preferable  to  the 
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solar  light    The  photo-electric  microscope  alone  win  be  described  here  : 
the  electric  light  will  be  considered  under  the  head  of  Gahranism. 

Fig.  542  represents  the  arrangement  devised  by  Doboscq.  A  sdar 
microscope,  ABD,  identical  with  that  already  described,  is  find  00  the 
outside  of  a  brass  box.  In  the  interior  are  two  charcoal  points  which  6q 
not  quite  touch,  the  space  between  them  being  exactly  00  the  axis  of  the 
lenses.  The  electricity  of  one  end  of  a  powerful  battery  reaches  the  charoaJ 
a  by  means  of  a  copper  wire  K  ;  while  the  electricity  from  the  opposite  end 
of  the  battery  reaches  r  by  a  second  copper  wire  H. 

During  the  passage  of  the  electricity  a  luminous  arc  is  formed  betireen 
the  two  ends  of  the  carbons,  which  gives  a  most  brilliant  light,  and  povtr- 
fully  illuminates  the  microscope.  This  is  effected  by  placing  at  D  in  the 
inside  of  the  tube  a  condensing  lens,  whose  principal  focus  corresponds  to 
the  space  between  the  two  charcoals.  In  this  manner  the  luminous  rays 
whith  enter  the  tubes  D  and  B  are  parallel  to  their  axis,  and  the  same 
effects  are  produced  as  with  the  ordinary  solar  microscope  ;  a  magnified 
image  of  the  object  placed  between  two  plates  of  glass  is  produced  on  the 
screen. 

In  continuing  the  experiment  the  two  carbons  become  consumed,  and 
to  an  unequal  extent,  a  more  quickly  than  c.  Hence,  their  distance  increasing, 
the  light  becomes  weaker,  and  is  ultimately  extinguished.  In  speaking 
afterwards  of  the  electric  light,  the  working  of  the  apparatus  P,  which  keeps 
these  charcoals  at  a  constant  distance,  and  thus  ensures  a  constant  light, 
will  be  explained. 

The  part  of  the  apparatus  MN  may  be  considered  as  a  universal /^^ 
gemc  apparatus.  The  microscope  can  be  replaced  by  the  headpieces  of  the 
phantasmagoria,  the  polyorama,  the  megascope,  by  polarising  apparatus,  &c^ 
and  in  this  manner  is  admirably  adapted  for  exhibiting  optical  phenomena 
to  a  large  auditory.  Instead  of  the  electric  light,  we  may  use  with  this 
apparatus  the  oxy hydrogen  or  DrummofuPs  light,  which  is  obtained  by  heat- 
ing a  cylinder  of  lime  in  the  flame  produced  by  the  combustion  of  a  mixture 
of  hydrogen  or  of  coal  gas  with  oxygen  gas. 

607.  &lrlfctlioiise  leases. — Lenses  of  large  dimensions  are  very  difikuh 
of  construction ;  they  further  produce  a  considerable  spherical  aberratioD, 
and  their  thickness  causes  the  loss  of  much  light  In  order  to  avoid  these 
inconveniences,  echelon  lenses  have  been  constructed.  They  consist  of  a 
plano-convex  lens,  C  (figs.  543  and  544),  surrounded  by  a  scries  of  annular 
and  concentric  segments.  A,  B,  each  of  which  has  a  plane  face  on  the  same 
side  as  the  plane  face  of  the  central  lens,  while  the  faces  on  the  other  side 
have  such  a  cur>'ature  that  the  foci  of  the  different  segments  coincide  in  the 
same  point.  These  rings  form,  together  with  the  central  lens,  a  single  lens, 
a  section  of  which  is  represented  in  fig.  544.  The  drawing  was  made  from 
a  lens  of  about  2  feet  in  diameter,  the  segments  of  which  are  formed  of  a 
single  piece  of  glass  ;  but,  with  larger  lenses,  each  segment  is  likewise  fonned 
of  several  pieces. 

Behind  the  lens  there  is  a  support  fixed  by  three  rods,  on  which  a  body 
can  be  placed  and  submitted  to  the  sun*s  rays.  As  the  centre  of  the  support 
coincides  with  the  focus  of  the  lens,  the  substances  placed  there  are  melted 
and  volatilised  by  the  high  temperature   produced.     Gold,  platinuni,  and 
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arc  raeltccL   The  cxperimeni  proves  that  heat  is  refracted  in  the  same 
i  light :  for  the  position  of  the  calorific  focus  is  identical  with  that  of 

i-ntnotj*;.  focus, 

parabolic  mirrors  were  used  in  sending  the  light  of  beacons 

:sc5  to  great  distances,  but  they  have  been  supplanted  by  the 

of  the  above  construction.     In  most  cases  oil  is  used  in  a  lamp 

-iiiVAT  construction,  which  gives  as  much  light  as  20  moderators.     The 

is  placed  in  the  principal  focus  of  the  lens,  so  that  the  emergent  rays 

H^   parallel 
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gnoses     in-  ^ 

f  finly  by 
rtion  in  the 
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nifntiaily 
Eiond  the 
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)  of  the  nttmber  of  times  the  light  disappears  in  a  given  lime,  and 
rof  ibe  light,  sailors  arc  enabled  to  distinguish  the  lighthouses 
r,  and  hence  to  know  their  position. 

r  the  electric  light  has  been  substituted  for  that 
A  jn  of  the  apparatus  will  be  given  in  a  subsequent 
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PHOTOGRAPHY. 

608.  Fbotorr^pl&y  i^  the  art  of  fixing  the  images  of  the 
on  substances  sensitive  to  light.  The  various  photographic  processes  tMf 
be  classed  under  three  heads  :  photography  on  metal,  photography  oo  paper, 
and  photography  on  glass. 

Wedgwood  was  the  first  to  suggest  the  use  of  chloride  of  siUcr  in  fiiinjf 
the  image,  and  Davy,  by  means  of  the  solar  microscope,  obtained  imagCJ  of 
small  objects  on  paper  impregnated  with  chloride  of  silver  ;  but  no  tn«lW 
was  kno^^m of  preserving  the  images  thus  obtained,  by  preventing  the  furtber 
action  of  light.  Niepce,  in  18 14,  obtained  permanent  images  of  the  cwncja 
by  coating  glass  plates  with  a  layer  of  a  varnish  compK>scd  of  bitames  di»* 
solved  in  oil  of  lavender.  This  process  was  tedious  and  incfficicnl,  and  il 
was  not  until  1839  that  the  problem  was  solved.  In  that  year  Di^nent 
described  a  method  of  fixing  the  images  of  the  camera,  which,  with  the  sub- 
sequent improvements  of  Talbot  and  Archer,  has  rendered  the  art  of  pboM^ 
grraphy  one  of  the  most  marv^ellous  discoveries  ever  made,  whether  as  to  tibc 
beauty  and  perfection  of  the  results,  or  as  to  the  celerity  with  which  the)  »? 
produced. 

In  Daguerre's  process,  the  Dagti€rrotypi\  the  picture  is  produced  QQt 
plate  of  copper  coated  with  silver.  This  is  tirst  very  carefully  pol^hed^^v 
[  operation  on  which  much  of  the  success  of  the  subsequent  operations  depends 
It  is  then  rendered  sensitive  by  exposing  it  to  the  action  of  ioditir  vifiour. 
which  forms  a  thin  layer  of  iodide  of  silver  on  the  surflicc,  TTie  phi 
fit  to  be  exposed  in  the  camera  ;  it  is  sensitive  enough  for  views  u 
I  quire  an  exposure  often  minutes  in  the  camera,  but  when  greater 
required,  as  for  portraits,  &c.,  it  is  further  exposed  to  the  action  of  M 
rator^  such  as  bromine  or  hypobromite  of  calcium.  All  the  0|>efatjflm  mtt« 
be  performed  in  a  room  lighted  by  a  candle,  or  by  the  dayhjjlu  *dxni 
through  yellow  glass,  which  cuts  off  all  chemical  rays.     The  plate  i> 

from   the  action  of  Iigfcl 
placing  it  in  a  »mali  »ci 
case  provided  with  «  tlw 
the  sensitive  side* 

TJic  third  operation  < 
sists  in  ex|)osing  the  \ 
plate  to  the  action  of  I 
placing  it  in  that  pc«itid 
the  camef  a  where  the  \ 
is   produced    with 
delicacy.    For  pboiQ 
purposes  a 
of  peculiar 
used    The  brass  tuW  i 
545)  contains  an  arh 
cnndcnstng  lens. 


l-'ijE*  £*5 


be  moved  by  means  of  a  rackwork  motion,  to  ^Inch  \s  titled  a  milled  I 
D.    At  the  opposite  end  of  the  box  is  a  gTOUOd-glBSS  ptetc,  E,  which  1 
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ve»  B,  in  which  the  case  containing  the  plate  also  fits.  The 
!jng  placed  in  a  proper  position  before  the  object,  the  sliding  part 
is  adjusted  until  the  image  is  produced  on  the  glass  with  the 
kaq)ne&s  ;  this  is  the  case  when  the  glass  slide  is  exactly  in  the 
le  6nal  adjustment  is  made  by  means  of  the  milled  head  D. 
iss  slide  is  then  replaced  by  the  case  containing  the  sensitive 
slide  which  protects  it  is  raised,  and  the  plate  exposed  for  a  time, 
\Xk  of  which  varies  in  different  cases,  and  can  only  be  hit  exactly 
raclice  The  plate  is  then  removed  to  a  dark  room.  No  change 
iblc  to  the  eye,  but  those  parts  on  which  the  light  has  acted  have 
|bc  property  of  condensing  mercur}'  :  the  plate  is  next  placed 
exposed  10  the  action  of  mercurial  vapour  at  60  or  70  degrees. 
cury  is  deposited  on  the  parts  affected,  in  the  form  of  globules 
Ible  10  the  naked  eye.  The  shadows,  or  those  parts  on  which 
bas  not  acted,  remain  covered  with  the  layer  of  iodide  of  silver, 
dioved  by  treatment  with  hyposulphite  of  sodium,  which  dis- 
ile  of  silver  without  affecting  the  rest  of  the  plate.  The  plate  is 
r»cr|  in  a  solution  of  chloride  of  gold  in  hyposulphite  of  sodium, 
olves  the  silver,  while  some  gold  combines  with  the  mercury  and 
ic  parts  attacked,  and  greatly  increases  the  intensity  of  the  lustre. 
the  light  parts  of  the  image  arc  those  on  which  the  mercury  has 
ited«  and  the  shaded  those  on  which  the  metal  has  retained  its 

f  represents  a  section  of  the  camera  and  the  object-glass.    At  first 
of  a  double  convex  lens,  but  now  double  achromatic  lenses,  LLV 


o5>ject'gla:»scs,  llicy  act  more  quickly  than  objectives  with  a 
,  ltt%T  a  shorter  focus,  and  can  be  more  easily  focussed  by  moving 
'  try  n>rans  of  the  rack  and  pinion  D. 

^b«  oa  paper.  — In  Daguerre's  process,  which  has  just 

the  images  are  produced  directly  on  metal  plates.     With 

photographs  of  two  kinds  may  be  obtained :  those  in  which 

lined  with  reversed  tints,  so  that  the  lightest  parts  have  be* 

on  paper,  and  'Jice  vend ;  and  those  in  which  tlje  lights 

r  in  their  natural  position.     The  former  are  called  negativi 

mitive  pictures. 

sy  be  taken  cither  on  glass  or  on  paper  \  it  sen'es  to  produce 
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Negatives  on  glass. — A  glass  plate  of  the  proper  size  is  caiefbUy  dean 
and  coated  with  a  uniformly  thick  lay^r  of  collodion  impregnated  whb  iodi 
of  potassimn.  The  plate  is  then  immersed  for  about  a  minute  in  a  bath 
nitrate  of  silver  containing  30  grains  of  the  salt  in  an  ounce  of  ft-ater.  Tl 
operation  must  be  performed  in  a  dark  room.  The  plate  is  then  remon 
allowed  to  drain,  and,  when  somewhat  dry,  placed  in  a  closed  flame,  a 
afterwards  exposed  in  the  camera,  for  a  shorter  time  than  in  the  case  ^ 
Daguerrotype.  On  removing  the  plate  to  a  dark  room  no  change  is  \'isibl 
but  on  pouring  o\'er  it  a  solution  called  the  developery  an  image  gradna 
appears.  The  principal  substances  used  for  de\*eloping  are  protosolph 
of  iron  and  pyrogallic  add.  The  action  of  light  on  iodide  of  sih'er  appe 
to  produce  some  molecular  change,  or  else  some  actual  chemical  dea 
position,  in  virtue  of  which  the  developers  have  the  property  of  rednc 
to  the  metallic  state  those  parts  of  the  iodide  of  silver  which  have  been  n 
acted  upon  by  the  light.  When  the  picture  is  sufficiently  brought  oat,in 
is  poured  over  the  plate,  in  order  to  prevent  the  further  action  of  the  de 
loper.  The  parts  on  which  light  has  not  acted  are  still  covered  with  iod 
of  silver,  which  would  be  affected  if  the  plate  were  now  exposed  to  the  fi| 
It  is,  accordingly,  washed  with  solution  of  hjrposulphite  of  sodium,  which < 
solves  the  iodide  of  silver  and  leaves  the  image  unaltered.  The  picture  is  ti 
coated  with  a  thin  layer  of  spirit  varnish,  to  protect  it  from  mechanical  1191 

When  once  the  negative  is  obtained,  it  may  be  used  for  printing  la 
definite  number  of  positive  pictures.  For  this  purpose  paper  is  impre^ 
with  chloride  of  silver,  by  immersing  it  first  in  solution  of  nitrate  of  silver  1 
then  in  one  of  chloride  of  sodium  ;  chloride  of  silver  is  thus  formed  00 
paper  by  double  decomposition.  The  negative  is  placed  on  a  sheet  of  l 
paper  in  a  copying  frame,  and  exposed  to  the  action  of  light  for  a  cat 
time.  The  chloride  of  silver  becomes  acted  upon — the  light  parts  oft 
negative  being  most  affected,  and  the  dark  parts  least  so.  A  copy  is  tl 
obtained,  on  which  the  lights  of  the  negative  are  replaced  by  shadeS|a 
inversely.  In  order  to  fix  the  picture  it  is  washed  in  a  solution  of  hypQi 
phite  of  sodium,  which  dissolves  the  unaltered  chloride  of  silver.  The  \ 
tore  is  afterwards  immersed  in  a  bath  of  chloride  of  gold,  which  gives  it  to 

610.  FosltiTes  OB  slass. — Very  beautiful  positives  are  obtained  by  f 
paring  the  plates  as  in  the  preceding  cases ;  the  exposure  in  the  cam 
however,  is  not  nearly  so  long  as  for  the  negatives.  The  pictiue  is  tl 
developed  by  pouring  over  it  a  solution  of  protosulphate  of  iron,  which  f 
duces  a  negative  image  ;  and  by  afterwards  pouring  a  solution  of  cyanidi 
potassium  over  the  plate,  this  negative  is  rapidly  converted  into  a  podC 
It  is  then  washed  and  dried,  and  a  coating  of  varnish  poured  over  the  pko 

611.  Vliotorraplis  on  albmnenised  paper  and  ^laMU — In  somect 
paper  impregnated  with  a  solution  of  albumen  containing  iodide  of  poena 
is  used  instead  of  collodion,  over  which  it  has  the  advantage  that  it  cu 
prepared  for  some  time  before  it  is  used,  and  that  it  produces  certain  eft 
in  the  middle  tints.  It  has  the  disadvantage  of  not  being  nearly  so  sensili 
It  requires,  therefore,  longer  exposure,  and  is  unsuitable  for  portraits,  boi 
some  cases  can  be  advantageously  used  for  views. 
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CHAPTER   VL 
THE  EYE  CONSIDERED  AS  AN  OPTICAL  INSTRUMENT. 

612.  Stntotiir«  or  the  bomaa  ey^e. — The  eye  is  the  organ  of  vision ; 
•t  U  to  say,  of  the  phenomenon  by  virtue  of  which  the  light  emitted 
reflected  from  bodies  excites  in  us  the  sensation  which  reveals  their 
e%eocc. 

The  e>*e  b  placed  in  a  bony  cavity  called  the  orbit ;  it  is  maintained 
its  fiotttioti  by  the  muscles  which  serve  to  move  it,  by  the  optic  nerve, 
ajtmcttva,  and  the  eyelids. 
is  much  the  same  in  all 
\\  it  tft  the  varying  aper- 
tlie  eyelids  that  makes 
\  appear  larger  or  smaller. 
n^  547  represents  a  trans - 
icction  of  the  eye  from 
Co  front  The  general 
Cf  that  of  a  spheroid,  the 
are  of  which  is  greater  in 
aaterior  than  in  the  poste- 

It  U  composed  of  the  ^^^^S^^^^VPv^^      \ 

puts :  the  corma^  the  ^ ' 

kot,  tliic  iris^  the  /!#///»  ^       ^^ 

hum^ur^  the  ays- 
tlie  viirems  body^  the  ^' **^' 

^wumh'mUy  the  charaici^  the  reiina^  and  the  optic  nerve, 

r. — The  cornea^  «,  is  a  transparent  membrane  situated  in  front  of 

of  the  eye.     In  shape  tt  resembles  a  small  watch-glass^  and  it  fits 

idcrotlca,  /  \  in  fact,  these  membranes  are  so  connected  that  some 

have  considered  them  as  one  and  the  same,  and  have  distin- 

I  tbem  by  calling  tlie  cornea  the  transparent^  and  the  sclerotica  the 

a. 

E.— The  sclerotica,  1,  or  sclertUic  coat,  is  a  membrane  which, 
'  with  the  Cornea,  envelops  all  parts  of  the  eye.     In  front  there  \% 
taoal  circular  aperture,  into  which  the  cornea  fits ;  a  perforation  behind 
I  puM^e  to  tlte  frpttc  nerve* 

Ml, — The  -in  annular,  opaque  diaphragm,  placed  between  the 

riod  tht.     ^  ne  lens.     It  constitutes  the  coloured  part  of  tlie  eye, 

i  m  polorated  by  an  aperture  called  ihcpupH^  which  m  m.'in  is  circular. 

i  ^  tPBie  animads,  especially  those  belonging  to  the  genus  />//>,  it  is  narrow 

I  claiqsated  in  Jt  vertical  direction  ;  in  the  ruminants  it  is  elongated  in  a 
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transverse  direction.  It  is  a  contractile  membrane,  and  its  diameter  \'anes 
in  the  same  individual  between  0*12  and  0*28  of  an  inch  ;  but  these  limits 
may  be  exceeded.  The  luminous  rays  pass  into  the  eye  through  the  pupil 
The  pupil  enlarges  in  darkness,  but  contracts  under  the  influence  of  a  bright 
light.  These  alternations  of  contraction  and  enlargement  take  place  with 
extreme  rapidity  ;  they  are  very  frequent,  and  play  an  important  part  in  the 
act  of  vision.     The  movements  of  the  iris  are  involuntary. 

It  appears  from  this  description  that  the  iris  is  a  screen  with  a  variable 
aperture,  whose  function  is  to  regulate  the  quantity  of  light  which  penetrates 
into  the  eye  ;  for  the  size  of  the  pupil  diminishes  as  the  intensity  of  light 
increases.  The  iris  serves  also  to  correct  the  spherical  aberration,  as  it 
prevents  the  marginal  rays  from  passing  through  the  edges  of  the  cr>'stalline 
lens.  It  thus  plays  the  same  part  with  reference  to  the  eye  that  a  stop  does 
in  optical  instruments  (558). 

Aqueous  humour. — Retween  the  posterior  part  of  the  cornea  and  the 
front  of  the  crystalline  there  is  a  transparent  liquid  called  the  aqueous 
humour.  The  space,  ^,  occupied  by  this  humour  is  divided  into  t^o  parts 
by  the  iris ;  the  part  ^,  between  the  cornea  and  the  iris,  is  called  the  anUrie^ 
chamber ;  the  part  r,  which  is  between  the  iris  and  the  cr>'stalline,  is  the 
posterior  chatnber, 

Crystatline  lens, — This  is  a  double  convex  transparent  body  placed  im- 
mediately behind  the  iris,  the  inner  margin  of  which  is  in  contact  with 
its  anterior  surface,  though  not  attached  to  it.  The  lens  is  enclosed  in  a 
transparent  membrane,  called  its  capsule  it  is  less  convex  on  its  anterior 
than  on  its  posterior  surface,  and  is  composed  of  almost  concentric  la)'ers, 
which  decrease  in  density  and  refracting  power  from  the  centre  to  the 
circumference. 

To  the  anterior  surface  of  the  capsule,  near  its  margin,  is  fixed  a  tirm 
transparent  membrane,  which  is  attached  behind  to  the  front  of  the  hyatoid 
membrane,  and  is  known  as  the  suspensory  ligament.  This  ligament  exerts 
attraction,  all  round,  on  the  front  surface  of  the  lens,  and  renders  it  less 
convex  than  it  would  otherwise  be,  and  its  relaxation  plays  an  important 
part  in  the  adaptation  of  the  eye  for  sight  at  different  distances. 

Vitreous  body.  Hyaloid  membrane. — The  vitreous  body,  or  vitreous 
humour,  is  a  transparent  mass  resembling  the  white  of  an  ^%'g^  which  oa"'-- 
pies  all  the  part  of  the  ball  of  the  eye,  //,  behind  the  cr>'stalline.  The  \itrcoui 
humour  is  surrounded  by  the  hyaloid  membrane^  /,  which  lines  the  pt>^terii»r 
face  of  the  cr>'stalline  capsule,  and  also  the  interior  face  of  another  mer- 
brane  called  the  retina. 

Retina.  Optic  neri.>e. — The  retina,  ///,  is  a  membrane  which  rccei^TSthe 
impression  of  light,  and  transmits  it  to  the  brain  by  the  inter\'ention  of » 
nerve,  «,  called  the  optic  ncrve^  which,  proceeding  from  the  brain,  enters  the 
eye  from  behind,  rather  to  the  inner  side  of  its  posterior  hemisphere,  acd 
extends  over  the  retina  in  the  form  of  a  ncr\'ous  network.  The  nenT-fibfes 
themselves  arc  not  sensitive  to  light,  but  are  only  stimulated  by  it  indirectly 
through  the  intenention  of  certain  structures  called  the  rods  and  .t^' 
The  rods  are  slender  cylinders  ;  the  cones  or  bulbs  somewhat  thicker  tIi>^- 
shaped  structures.  All  are  ranged  perpendicular  to  the  surface  i>f  ti< 
retina,  closely  packed  together  so  as  to  form  a  regular  mosaic  layer  behind  H- 
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Each  rod  is  connected  with  one  of  the  minutest  nerve-fibres,  each  cone  with 
00c  somewhat  thicker.    Thb  layer  of  rods  and  cones  has  been  proved  to  be 
the  really  sensitive  layer  of  the  retina,  the  structure  in  which  alone  the  action  . 
of  light  is  capable  of  producing  nervous  excitation. 

In  the  retina  is  a  remarkable  spot  which  is  placed  near  its  centre,  a  little 
to  the  outer  side,  and  from  its  colour  is  called  the  yellow  spot.  The  retina 
is  here  somewhat  thick,  but  in  the  middle  of  the  yellow  spot  is  found  a 
depression,  ih^  fovea  centralis^  where  the  retina  is  reduced  to  those  elements 
alone  which  are  absolutely  necessary  for  exact  vision.  This  fovea^  or  pit  of 
the  retina,  is  of  great  importance  for  vision,  since  it  is  the  spot  where  the 
most  exact  discrimination  of  distance  is  made.  Only  those  parts  of  the 
retinal  image  which  fall  on  the  yellow  spot  are  sharp,  all  the  rest  are  more 
inaccurate  the  nearer  they  fall  to  the  limits  of  the  retina.  The  field  of  view 
eftbe  eye  is  like  a  drawing  the  centre  of  which  is  done  with  great  accuracy 
and  delicacy  while  the  surrounding  part  is  only  roughly  sketched.  Where 
the  optic  ner\'e  enters  there  are  no  rods  or  cones  ;  this  part  of  the  retina, 
therefore,  is  insensitive  to  light,  and  is  called  \h^  punctum  cctcum. 

The  only  property  of  the  retina  and  optic  nerve  is  that  of  receiving  and 
transmitting  to  the  brain  the  impression  of  objects.  These  organs  have  been 
cm  and  pricked  without  causing  any  pain  to  the  animals  submitted  to  these 
experiments  ;  but  there  is  reason  to  believe  that  irritation  of  the  optic  nerve 
causes  the  sensation  of  a  flash  of  light. 

Choroid. — The  choroid,  /•,  is  a  membrane  between  the  retina  and  the 
sclerotica.  It  is  completely  vascular,  and  is  covered  on  the  internal  face 
»ith  a  black  substance  which  resembles  the  colourin^^  matter  of  a  negro's 
skin,  and  which  absorbs  all  rays  not  intended  to  co-operate  in  producinjj 
mion. 

The  choroid  elongates  in  front,  and  forms  a  series  of  convoluted  folds, 
'^^td  ciliary  processes^  which  penetrate  between  the  iris  and  the  cr)'stalline 
capsule  to  which  they  adhere,  forming  round  it  a  disc,  resembling  a  radiated 
femcr.  By  its  vascular  tissue  the  choroid  serves  to  carry  the  blood  into  the 
iatcrior  of  the  eye,  and  especially  to  the  ciliary  processes. 

0 1 3.  XaftmetlFe  indiee*  of  the  transparent  media  of  tbe  eye. — The 
r^ractive  indices  from  air  into  the  transparent  parts  of  the  eye  were  deter- 
mined by  Hrewster.  His  results  are  contained  in  the  followin;^'  ta]>le,  com- 
pared with  water  as  a  standard  :  — 

Water 1*3358 

Aqueous  humour ...  i  3366 

Vitreous  humour  ....  i  3394 

Exterior  coating  of  the  crystalline  i  3767 

Centre  of  the  cr>'stalline        ...  '*3990 

.Mean  refraction  of  the  cr>'stalline ''3^39 

614.  Cmrrataros  and  dlmonslons  of  Farloofl  parts  of  tbe  liiimaB  070. 

Rarjius  of  cur^•ature  of  the  sclerotica 040  to  0*44  in. 

„  cornea 028  to  0*32  „ 

„  anterior  face  of  the  crystalline    .  028  to  0*40  „ 

„  posterior  face  of  the  crystalline  .  0*20  to  0*24  „ 
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Diameter  of  the  iris 0*44  to  0*48  in. 

»,            „          pupil OI2tOO^„ 

),           „        crystalline 0*40  „ 

Thickness  of  the  crystalline 0*20  „ 

Distance  from  the  pupil  to  the  cornea  ...  0*08  ^ 

Length  of  the  axis  of  the  eye        ....  0*88  to  096  „ 

615.  Vatli  of  rays  la  tbe  eye. — From  what  has  been  said  as  to  the 
structure  of  the  eye,  it  may  be  compared  to  a  camera  obscura  (602),  of  which 
the  pupil  is  the  aperture,  the  crystalline  is  the  condensing  lens,  and  the 
retina  is  the  screen  on  which  the  image  is  formed.  Hence,  the  effect  is  the 
same  as  when  the  image  of  an  object  placed  in  front  of  a  double  convex  lens 
is  formed  at  its  conjugate  focus.  Let  AB  (fig.  548)  be  an  object  placed 
before  the  eye,  and  let  us  consider  the  rays  emitted  from  any  point  of  the 
object  A.  Of  all  these  rays,  those  which  are  directed  towards  the  pupil  are 
the  only  ones  which  penetrate  the  eye,  and  are  operative  in  producing  vision. 
These  rays,  on  passing  into  the  aqueous  humour,  experience  a  first  refraction 
which  brings  them  near  the  secondary  axis  ha  drawn  through  the  optic  centre 
of  the  crystalline ;  they  then  traverse  the  crystalline,  which  again  refracts  them 
like  a  double  convex  lens,  and,  having  experienced  a  final  refraction  by  the 


Fig.  548. 

vitreous  humour,  they  meet  in  a  point  tf,  and  form  the  image  of  the  point  A. 
The  rays  issuing  from  the  point  B  form  in  like  manner  an  image  of  it  at  the 
point  by  so  that  a  very  small,  real,  and  inverted  image  is  formed  exactly  on 
the  retina,  provided  the  eye  is  in  its  normal  condition. 

616.  ZnTemlon  of  tiaaffes. — In  order  to  show  that  the  images  formed 
on  the  retina  are  really  inverted,  the  eye  of  an  albino  or  any  animal  with 
pink  eyes  may  be  taken  ;  this  has  the  advantage  that,  as  the  choroid  is 
destitute  of  pigment,  light  can  traverse  it  without  loss.  This  is  then  depri^td 
at  its  posterior  part  of  the  cellular  tissue  surrounding  it,  and  fixed  in  a  bole 
in  the  shutter  of  a  dark  room  ;  by  means  of  a  lens  it  may  be  seen  that  the 
inverted  images  of  external  objects  are  depicted  on  the  retina. 

The  inversion  of  images  in  the  eye  has  greatly  occupied  both  physicis» 
and  physiologists,  and  many  theories  have  been  proposed  to  explain  how  it 
is  that  we  do  not  see  inverted  images  of  objects.  The  chief  difficulty  seem* 
to  have  arisen  from  the  conception  of  the  mind  or  brain  as  somcthiaC 
behind  the  eye,  looking  into  it,  and  seeing  the  image  upon  the  rctini; 
where.xs  really  this  image  simply  causes  a  stimulation  of  the  optic  nenft, 
which  produces  some  molecular  change  in  some  part  of  the  brain  ;  and  it  i» 
only  of  this  change,  and  not  of  the  image  as  such,  that  we  have  any  conscioc*- 
ness.     The  mind  has  thus  no  direct  cognisance  of  the  image  upon  the  retina, 
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nor  of  the  relative  positions  of  its  parts,  and,  sight  being  supplemented  by 
touch  in  innumerable  cases,  it  learns  from  the  first  to  associate  the  sensations 
brought  about  by  the  stimulation  of  the  retina  (although  due  to  an  inverted 
image)  with  the  correct  position  of  the  object  as  taught  by  touch. 

617.  Optlo  asis,  optlo  aairleff  ▼tsiial  aaffle. — The  principal  optic  axis 
of  an  eye  is  the  axis  of  its  figure  ;  that  is  to  say,  the  straight  line  in  reference 
to  which  it  is  synmietricaL  In  a  well-shaped  eye  it  is  the  straight  line  passing 
through  the  centre  of  the  pupil  and  of  the  crystalline.  The  lines  Aii,  B^, 
are  secondary  axes.  The  eye  sees  objects  most  distinctly  in  the  direction 
of  the  principal  optic  axis. 


Fig.  549- 

The  optic  angle  is  the  angle  BAG  (fig.  549),  formed  between  the  principal 
optic  axes  of  the  two  eyes  when  they  are  directed  towards  the  same  point. 
This  angle  is  smaller  in  proportion  as  the  objects  are  more  distant. 

The  visual  angle  is  the  angle  AOB  (fig.  550),  under  which  an  object  is  seen  ; 
tl"  it  is  to  say,  the  angle  formed  by  the  secondary  axes  drawn  from  the  optic 
centre  of  the  crystalline  to  the  opposite  extremities  of  the  object.  For  the 
^.Tie  distance,  this  angle  increases  with  the  magnitude  of  the  object,  and  for 
t^c  same  object  it  decreases  as  the  distance  increases,  as  is  the  case  when 


the  object  passes  from  AB  to  A'B'.  It  follows,  therefore,  that  objects  appear 
■nailer  in  proportion  as  they  are  more  distant  ;  for  as  the  secondary  axes,  AO, 
Bo,  cross  in  the  centre  of  the  crystalline,  the  size  of  the  image  projected  on 
tbe  retina  depends  on  the  size  of  the  visual  angle  AOB. 

618.  BstlaMitloB  of  tlie  distance  and  slxe  of  objects. — The  estimation 
of  distance  and  of  size  depends  on  numerous  circumstances  ;  these  are — the 
nsnal  angle,  the  optic  angle,  the  comparison  with  objects  whose  size  is 
^miliar  to  us  ;  to  these  must  be  added  the  effect  of  what  is  called  aerial 
tf^jfective;  that  is,  a  more  or  less  vaporous  medium  which  enshrouds  the 
distant  objects,  and  thereby  diminishes  not  only  the  sharpness  of  the  out- 
lines, but  also  softens  the  contrast  between  light  and  shade,  which  close  at 
hand  are  marked. 

When  the  size  of  an  object  is  known,  as  the  figure  of  a  man,  the  height 
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of  a  tree  or  of  a  house,  the  distance  is  estimated  by  the  magnitude  of  the 
visual  angle  under  which  it  is  seen.  If  its  size  is  unknown,  it  is  judged 
relatively  to  that  of  objects  which  surround  it. 

A  colonnade,  an  avenue  of  trees,  the  gas-lights  on  the  side  of  a  road, 
appear  to  diminish  in  size  in  proportion  as  their  distance  increases,  because 
the  visual  angle  decreases  ;  but  the  habit  of  seeing  the  columns,  trees,  &c, 
in  their  proper  height,  leads  our  judgment  to  rectify  the  impression  produced 
by  vision.  Similarly,  although  distant  mountains  are  seen  under  a  \'ery 
small  angle,  and  occupy  but  a  small  space  in  the  field  of  view,  our  ^smfiiliarity 
with  the  effects  of  aerial  perspective  enables  us  to  form  a  correct  idea  o( 
their  real  magnitude. 

The  optic  angle  is  also  an  essential  element  in  appreciating  distance. 
Since  this  angle  increases  or  diminishes  according  as  objects  approach  or 
recede,  we  move  our  eyes  so  as  to  make  their  optic  axes  converge  towards 
the  object  which  we  are  looking  at,  and  thus  obtain  an  idea  of  its  distance. 
Nevertheless,  it  is  only  by  long  custom  that  we  can  establish  a  relatioo 
between  our  distance  from  the  objects,  and  the  corresponding  motion  of  the 
eyes.  It  is  a  curious  fact  that  persons  bom  blind,  and  whose  sight  has  been 
restored  by  the  operation  for  cataract,  imagine  at  first  that  all  objects  are  at 
the  same  distance. 

Vertical  distances  are  estimated  too  low  compared  with  horizontal  ones ; 
on  high  mountains  and  over  large  surfaces  of  water,  distances  arc  estimated 
too  low  owing  to  the  want  of  intervening  objects.  A  room  filled  with  fnmi- 
ture  appears  larger  than  an  empty  room  of  the  same  size. 

We  cannot  recognise  the  true  form  of  an  object  if,  with  moderate  illu- 
mination, the  visual  angle  is  less  than  half  a  minute.  A  white  square,  a 
metre  in  the  side,  appears  at  a  distance  of  about  5  miles  under  this  angle  as 
a  bright  spot  which  can  scarcely  be  distinguished  from  a  circle  of  the  same 
size. 

A  very  bright  object,  however,  such  as  an  incandescent  platinum  wire, 
is  seen  in  a  dark  ground  under  an  angle  of  2  seconds.  So  too  a  small  dar^ 
object  is  seen  against  a  bright  ground ;  thus  a  hair  held  against  the  sky  can 
be  seen  at  a  distance  of  i  or  2  metres. 

619.  BUtanoe  of  dlstlaot  wliloii.— The  distance  of  distinct  lism.^ 
already  stated  (587),  is  the  distance  at  which  objects  must  be  placed  so  as  w 
be  seen  with  the  greatest  distinctness.  It  varies  in  different  individuals,  and 
in  the  same  individual  it  is  often  different  in  the  two  eyes.  For  small  objects, 
such  as  print,  it  is  from  10  to  12  inches  in  normal  cases. 

In  order  to  obtain  an  approximate  measurement  of  the  least  distanced 
distinct  vision,  two  small  parallel  slits  are  made  in  a  card  at  a  distance  rf 
0-03  of  an  inch.  These  apertures  are  held  close  before  the  eye,  and  when 
a  fine  slit  in  another  card  is  held  very  near  them,  the  slit  is  seen  double,  be- 
cause the  rays  of  light  which  have  traversed  both  apertures  do  not  intersect 
each  other  on  the  retina,  but  behind  it  But,  if  the  latter  card  is  gradnaDf 
removed,  the  distance  is  ultimately  reached  at  which  both  images  coincide 
and  form  one  distinct  image.  This  is  the  distance  of  distinct  vimob- 
Stampfcr  constructed  ;m  optometer  on  the  principle  of  this  experiment,  which 
is  known  as  ScAcincr's  experiment. 

Persons   who   see  distinctly  only  at  a  very  short  distance  arc  called 
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mtyo^Cy  or  skort-sighted^  and  those  who  see  only  at  a  long  distance  are 
preshyopHc^  or  long-HghUd  (629). 

Sharpness  of  sight  may  be  compared  by  reference  to  that  of  a  normal 
eye  taken  as  a  unit  Such  a  standard  eye,  according  to  Snellen,  recog- 
nises quadrangular  letters  when  they  are  seen  under  an  angle  of  5' ;  if,  for 
instance,  such  letters  are  1 5  mm.  high  at  a  distance  of  10  metres.  The  sharp- 
ness of  vision  of  one  who  recognises  these  letters  at  a  distance  of  3  metres 

is  then  ^. 
10 

62a  AeeonmodatioB. — By  this  term  is  meant  the  changes  which  occur 
in  the  eye  to  fit  it  for  seeing  distinctly  objects  at  different  distances  from  it. 

If  the  eye  be  supposed  fixed  and  its  parts  immovable,  it  is  evident  that 
there  could  only  be  one  surface  whose  image  would  fall  exactly  upon  the 
retina ;  the  distance  of  this  surface  from  the  eye  being  dependent  on  the 
refractive  indices  of  the  media  and  the  curvatures  of  the  refracting  surfaces 
of  the  eye.  The  image  of  any  point  nearer  the  eye  than  this  distinctly  seen 
sai£M:e  would  fall  behind  the  retina ;  the  image  of  any  more  distant  point 
would  be  formed  in  front  of  it ;  in  each  case  the  section  of  a  luminous  cone 
voold  be  perceived  instead  of  the  image  of  the  point,  and  the  latter  would 
appear  diffused  and  indistinct. 

Experience,  however,  shows  us  that  a  normal  eye  can  see  distinct  images 
of  objects  at  very  different  distances.  We  can,  for  example,  see  a  distant 
tree  through  a  window,  and  also  a  scratch  on  the  pane,  though  not  both  dis- 
tinaly  at  the  same  moment ;  for  when  the  eye  is  arranged  to  see  one  clearly, 
the  image  of  the  other  does  not  fall  accurately  upon  the  retina.  An  eye 
completely  at  rest  seems  adapted  for  seeing  distant  objects  ;  the  sense  of 
Hfort  is  greater  in  a  normal  eye  when  a  near  object  is  looked  at,  after  a 
distant  one,  than  in  the  reverse  case  ;  and  in  paralysis  of  the  nerves  govern - 
mjj  the  accommodating  apparatus,  the  eye  is  persistently  adapted  for  distant 
sight.  There  must,  therefore,  be  some  mechanism  in  the  eye  by  which  it 
can  be  voluntarily  altered,  so  that  the  more  divergent  rays  proceeding  from 
near  objects  shall  come  to  a  focus  upon  the  retina.  There  are  several  con- 
'"tivablc  methods  by  which  this  might  be  effected  ;  it  is  actually  brought 
about  by  a  drawing  forwards  of  the  crystalline  lens  and  a  greater  convexity 
^  its  front  surface. 

This  is  shown  by  the  following  experiment :— If  a  candle  be  placed  on  one 
side  of  the  eye  of  a  person  looking  at  a  distant  object,  and  his  eye  be  observed 
from  the  other  side,  three  distinct  images  of  the  flame  will  be  seen ;  the  first 
'•irtual  and  erect,  is  reflected  from  the  anterior  surface  of  the  cornea  ;  the 
next,  erect  and  less  bright,  is  reflected  from  the  anterior  surface  of  the  lens  : 
the  third,  inverted  and  brilliant,  is  formed  on  the  posterior  surface  of  the  lens. 
If  now  the  person  look  at  a  near  object,  no  change  is  observed  in  the  first 
and  third  images,  but  the  second  image  becomes  smaller  and  approaches  the 
tint ;  which  shows  that  the  anterior  surface  of  the  cr>'stalline  lens  becomes 
niore  convex  and  approaches  the  cornea.  In  phace  of  the  candle,  Helmholtz 
throws  light  through  two  holes  in  the  screen  u[>on  the  eye,  and  observes  the 
distance  on  the  eye  between  the  two  shining  points,  instead  of  the  size  of  the 
^ame  of  the  candle. 

This  change  in  the  lens  is  effected  chiefly  by  means  of  a  circular  muscle 
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(ciliary  muscle),  the  contraction  of  which  relaxes  the  suspensory  ligament^ 
and  so  allows  the  front  surface  of  the  lens  to  assume  more  or  less  of  that 
greater  convexity  which  it  would  normally  exhibit  were  it  not  for  the  drag 
exercised  upon  it  by  the  ligament.  Certain  other  less  important  changes 
occur,  tending  to  make  the  lens  more  convex  and  to  push  it  forwards,  which 
cannot,  however,  be  explained  without  entering  into  minute  anatomical 
details.  When  the  eye  is  accommodated  for  near  vision,  the  pupil  contracts 
and  so  partially  remedies  the  greater  spherical  aberration. 

The  range  of  accommodation^  called  by  Donders    . ,  is  measured  by 

first  of  all  determining  the  greatest  distance,  R,  at  which  a  person  can 
read  without  spectacles,  and  then  the  smallest,  P,  at  which  he  can  so  read : 

•-■-■. 

621.  BlBoonlar  ▼islon. — A  single  eye  sees  most  distinctly  any  point 
situated  on  its  optical  axis,  and  less  distinctly  other  points  also,  towards 
which  it  is  not  directly  looking,  but  which  are  still  within  its  circle  of  vision. 

It  is  able  to  judge  of  the  direction  of  any  such  point,  but  unable  by  itself 
to  estimate  its  distance.  Of  the  distance  of  an  object  it  may,  indeed,  lem 
to  judge  by  such  criteria  as  loss  of  colour,  indistinctness  of  oudine,  dccieasc 
in  magnitude,  &c. ;  but  if  the  object  is  near,  the  single  eye  is  not  infidfiUe, 
even  with  these  aids. 

When  the  two  eyes  are  directed  upon  a  single  point,  w«  then  gain  the 
power  of  judging  of  its  distance  as  compared  with  that  of  any  other  point, 
and  this  we  seem  to  gain  by  the  sense  of  greater  or  less  effort  required  in 
causing  the  optical  axis  to  converge  upon  the  one  point  or  upon  the  other. 
Now  a  solid  object  may  be  regarded  as  composed  of  points  which  are  at  dif- 
ferent distances  from  the  eye.  Hence,  in  looking  at  such  an  object,  the  axes 
of  the  two  eyes  are  rapidly  and  insensibly  varying  their  angle  of  cooterR- 
ence,  and  we  as  rapidly  are  gaining  experience  of  the  difference  in  distance 
of  the  various  points  of  which  the  object  is  composed,  or,  in  other  wofds,  an 
assurance  of  its  solidity.  Such  kind  of  assurance  is  necessarily  unattainable 
in  monocular  vision. 

622.  Tlie  principle  of  tlie  stereoseope. — Let  any  solid  object,  sodi  as 
a  small  box,  be  supposed  to  be  held  at  some  short  distance  in  front  of  Uie 
two  eyes.  On  whatever  point  of  it  they  are  fixed,  they  will  sec  that  point 
the  most  distinctly,  and  other  points  more  or  less  clearly.  But  it  is  evident 
that,  as  the  two  eyes  see  from  different  points  of  \new,  there  will  be  formed 
in  the  right  eye  a  picture  of  the  object  different  from  that  formed  in  the  left : 
and  it  is  by  the  apparent  union  of  these  two  dissimilar  pictures  that  we  s<* 
the  object  in  relief.  If,  therefore,  we  delineate  the  object,  first  as  seen  by 
the  right  eye,  and  then  as  seen  by  the  left,  and  afterwards  present  these  dis- 
similar pictures  again  to  the  eyes,  taking  care  to  present  to  each  eye  that 
picture  which  was  drawn  from  its  point  of  view,  there  would  seem  to  be  no 
reason  why  we  should  not  see  a  representation  of  the  object,  as  we  saw  the 
object  itself,  in  relief.  Experiment  confirms  the  supposition.  If  the  object 
held  before  the  eyes  were  a  truncated  p>Tamid,  r,  and  /,  fig.  551,  would  re- 
present  its  principal  lines,  as  seen  by  the  right  and  left  eyes  respectively.  If 
a  card  be  held  between  the  figures,  and  they  are  steadily  looked  at,  r  by  the 
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t  eye,  and  /  simultaneously  by  the  left,  for  a  few  seconds,  there  will  be 
I  a  single  picture  having  the  unmistakable  appearance  of  relief.     Even 


Fig.  551. 

lout  a  card  interposed,  the  eye,  by  a  little  practice,  may  soon  be  taught 

0  combine  the  two  as  to  form  this  solid  picture.  Three  pictures  will  in 
case  be  seen,  the  central  being  solid,  and  the  two  outside  ones  plane. 
552  will  explain  this.     Let  r  and  /  be  any  two  corresponding  points, 

the  points  marked  by  a  large  dot  in  the  figures  drawn  above  ;  R  and  L 
positions  of  the  right  and  left  eyes ;  then  the 
it  eye  sees  the  point  r  in  the  direction  R<?,  and 
left  eye  the  point  /  in  the  direction  L/?,  and 
mlingly  each  by  itself  judging  only  by  the 
ction,  they  together  see  these  two  points  as 
and  imagine  it  to  be  situated  at  o.  But  the 
t  eye,  though  looking  in  the  direction  Rr,  also 
ivcs  an  image  of  /  on  another  part  of  the 
la,  and  the  left  eye  in  the  same  way  an  image 
•,  and  thus  three  images  are  seen.  A  card, 
ever,  placed  in  the  position  marked  by  the 
ed  line  will,  of  course,  cut  off  the  two  side 
jrcs.  To  assist  the  eye  in  combining  such 
s  of  dissimilar  pictures,  both  mirrors  and  lenses 
;  been  made  use  of,  and  the  instruments  in 
:h  either  of  these  arc  adapted  to  this  end  are 
sd  stereoscopes. 

>23.  Tlie  rellectiaff  stereoseope. — In  the  reflecting  stereoscope  plane 
rors  arc  used  to  change  the  apparent  position  of  the  pictures,  so  that  they 
both  seen  in  the  same  direction,  and  their  combination  by  the  eye  is 
\  rendered  easy  and  almost  inevitable.  If  ab^  ab  (fig.  553)  are  two  plane 
rors  inclined  to  one  another  at  an  angle  of  90**,  the  two  arrows,  jr,  v,  would 
\  be  seen  by  the  eyes  situated  at  R  and  L  in  the  position  marked  by  the 
ed  arrow.  If,  instead  of  the  arrows,  we  now  substitute  such  a  pair  of 
imilar  pictures  as  we  have  spoken  of  above,  of  the  same  solid  object,  it 
ndent  that,  if  the  margins  of  the  pictures  coincide,  other  corresponding 
Its  of  the  pictures  will  not.     The  eyes,  however,  almost  without  effort, 

1  bring  such  points  into  coincidence,  and  in  so  doing  make  them  appear 
^cede  or  advance,  as  they  are  farther  apart  or  nearer  together  than  any 
corresponding  points  (the  right-hand  comer,  for  inst.ince)  of  the  margins 
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when  the  pictures  are  placed  side  by  side,  as  in  the  diagram,  fig.  553.  It  will 
be  plain,  also,  on  considering  the  position  for  the  arrows  in  fig.  553,  that  to 
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adapt  such  figures  as  those  in  Rg.  552  for  use  in  a  reflecting  stereoscope  one 
of  them  must  be  reversed,  or  drawn  as  it  would  be  seen  through  the  paper 
if  held  up  to  the  light. 

624.  Tlie  reftmotinr  stereoseope.— Since  the  rays  passing  through  a 
convex  lens  are  bent  always  towards  the  thicker  part  of  the  lens,  any  seg- 
ment of  such  a  lens  may  be  readily  adapted  to  change  the  apparent  positioB 
of  any  object  seen  through  it.  Thus,  if  (fig.  554)  two  segments  be  cut  from 
a  double  convex  lens,  and  placed  with  their  edges  together,  the  arrows,  4:; /» 
would  both  be  seen  in  the  position  of  the  dotted  arrow  by  the  eyes  at  Rand  L 
If  we  substitute  for  the  arrows  two  dissimilar  pictures  of  the  isame  solid 
object,  or  the  same  landscape,  we  shall  then,  if  a  diaphragm,  ab,  be  placed 
between  the  lenses  to  prevent  the  pictures  being  seen  crosswise  by  the  efcs, 
see  but  one  picture,  and  that  apparently  in  the  centre,  and  magnified.  As 
before,  if  the  margins  are  brought  by  the  power  of  the  lenses  to  coiaddet 
other  corresponding  points  will  not  be  coinddent 
until  combined  by  an  almost  insensible  effort  of  die 
eyes.  Any  pair  of  corresponding  points  which  are 
farther  apart  than  any  other  pair  will  then  be  seen 
farther  back  in  the  picture,  just  as  any  point  in  the 
background  of  a  landscape  would  be  found  (if  ve 
came  to  compare  two  pictures  of  the  landscape,  one 
drawn  by  the  right  eye,  and  the  other  by  the  left)  10 
be  represented  by  two  points  farther  apart  from  one 
another  than  two  others  which  represented  a  point  ta 
the  foreground. 

It  will  be  instructive  to  notice  that  there  is  also  a 
second  point  on  this  side  of  the  paper,  at  which,  if  a 
person  look  steadily,  the  diagrams  in  fig.  555  ^ 
combine,  and  fomi  quite  a  diflferent  stereoscopic  picture.  Instead  of  a  soM 
pyramid,  a  hollow  pyramidal  box  will  then  be  seen.  The  point  iMf 
easily  be  found  by  experiment.  Here  again  two  external  images  will  ab* 
be  seen.  If  we  wish  to  shut  these  out,  and  see  only  their  central  stereo- 
scopic combination,  we  must  use  a  diaphragm  of  paper  held  parallel  to  the 
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plane  of  die  picture  with  a  square  hole  in  it.  This  paper  screen  must  be  so 
adjusted  that  it  may  conceal  the  right-hand  fi^^ure  from  the  left  eye,  and  the 
left-hand  figure  from  the  right  eye,  while  the  central  stereoscopic  picture 
nuiy  be  seen  through  the  hole.  It  will  be  plain  from  the  diagram  that  o 
b  the  point  to  which  the  eyes  must  be  directed^  and  at  which  they  will 
inline  the  point  to  be  situated,  which  is  formed  by  the  combination  of  the 
1*0  points  r  and  /»  The  dotted  line  shows  the  position  of  the  screen.  A 
Hoeoscope  nHtb  or  without  lenses  may  easily  be  constructed,  which  will 
dnu  give  us,  nith  the  ordinary  stereoscopic  slides,  a  reversed  picture ;  for 
if  the  subject  be  a  landscape,  the  foreground  will  retire  and  the 
luod  conie  forward. 
When  the  two  retinas  view  simultaneously  two  diflTerenl  colours,  the  \m- 
ton  produced  is  that  of  a  single  mixed  tint.  The  powder,  however,  of 
ibtning  the  two  tints  into  a  single  one  varies  in  difierent  individuals, 
some  is  extremely  weak.  If  two  white  discs  at  the  base  of  the  stereo- 
be  illuminated  by  two  pencils  of  com  piemen  tar)-  colours^  and  if  each 
disc  be  looked  at  with  one  eye^  a  single  white  one  is  seen,  showing 
sensation  of  white  light  may  arise  from  two  complementary'  and 

us  chromatic  impressions  on  each  of  the  two  retinas. 
ftatcs  that  if  a  piece  of  printing  and  a  copy  are  viewed  in  the  stereo- 
a  diflerence  in  the  distance  of  the  words,  which  is  not  apparent  to  the 
eye,  causes  them  to  stand  out  from  the  plane  of  the  paper. 

ywiligfnaa  of  Uniiresiioiifl  on  ttie   retltift*^\Vhen   an    ignited 

charcoal  is  rapidly  rotated,  we  cannot  distinguish  it  ;  the  appearance 

t  circle  of  fire  is  produced  ;  similarly,  rain^  in  falling  drops,  appears  in 

like  a  series  of  liquid  threads.     In  a  rapidly  rotating  toothed  wheel 

individual  teeth  cannot  be  seen.     But  if,  during  darkness,  the  wheel  be 

ly  illujninated,  as  by  the  electric  spark,  the  individual  parts  may  be 

\f  made  out     The  following  experiment  is  a  further  illustration  of  this 

— \  scries  of  equal  sectors  are  traced  on  a  disc  of  glass,  and  they 

;ely  blackened  ;  in  the  centre  there  is  a  pivot,  on  which  a  second 

of  the  same  dimensions  as  the  first,  but  completely  blackened 

exception  of  a  single  sector  ;  then  placing  the  apparatus  between  a 

aod  the  eye,  the  second  disc  is  made  to  rotate.     If  the  movement 

all  the  transparent  sectors  are  seen,  but  only  one  at  a  time  ;  by  a 

p«d  rotation  we  see  simult;meously  two,  three,  or  a  greater  number. 

vsrious  fippearances  are  due  to  the  fact  that  the  impression  of  these 

the  retina  remains  for  some  time  after  the  object  whicli  has  pro* 

llicm  has  disappeared  or  become  displaced.     The  duration  of  the  per- 

■jes  with  the  sensitiveness  of  the  retina  iicvd  the  intensity  of  light. 

investigated  the  duration  of  the  impression  by  numerous  similar 

and  has  found  that  it  is,  on  the  average,  half  a  second.    Among 

instances  of  these  phenomena,  the  follcjwing  is  one  of  the  most 

ble-     If,  after  having  looked  at  a  brightly  illuminated  window,  the 

cuddeiily  closed,  the  image  remains  for  a  few  instants— that  is,  a 

i»  fecn  consisting  of  luminous  panes  surrounded  by  dark  frames  ; 

r  fcconds  the  colours  become  interchanged,  the  -  »rk  is 

bat  the  frames  arc  now  bright,  and  the  gla5»*»c*  '  xrk  ; 

appcaraocie  may  again  revert  to  its  original  appca^.m^  c. 
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Thc  impression  of  colours  remains  as  well  as  that  of  the  form  of  objects ; 
for  if  circles  divided  into  sectors  are  painted  in  different  colours,  thc>'  be- 
come confounded,  and  give  the  sensation  of  the  colour  which  would  result 
from  their  mixture.  Yellow  and  red  give  orange  ;  blue  and  red  violet ;  the 
seven  colours  of  the  spectrum  give  white,  as  shown  in  Newton's  disc  (fig.  493). 
This  is  a  convenient  method  of  studying  the  tints  produced  by  mixed  colours. 

A  great  number  of  pieces  of  apparatus  are  founded  on  the  persistence 
of  sensation  on  the  retina ;  such  are  the  thaumatrope^  the  phenakistosc(*pey 
Fctradays  wheels  the  kaleidophoney  and  the  zoetrope. 

The  zoetrope y  or  wheel  of  life^  is  very  convenient  for  representing  a  number 
of  optical,  acoustical,  and  other  vibratory  motions.  It  consists  of  an  open 
cylinder  which  can  be  rotated  about  its  vertical  axis.  At  the  top  arc  a 
number  of  vertical  slits.  If  now  the  various  positions  of  a  vibrating  pendu- 
lum, for  instance,  are  drawn  on  a  narrow  strip  of  paper,  the  length  of  wliich 
is  equal  to  the  circumference,  and  this  is  placed  inside  the  cylinder,  when 
the  wheel  is  rapidly  rotated,  on  looking  through  the  slit  the  pendulum  seems 
as  if  it  were  steadily  vibrating. 

626.  Aooidental  Images. — When  a  coloured  object  placed  upon  a  blad 
ground  is  steadily  looked  at  for  some  time,  the  eye  is  soon  tired,  and  the 
intensity  of  the  colour  enfeebled ;  if  now  the  eyes  are  directed  towards 
a  white  sheet,  or  to  the  ceiling,  an  image  will  be  seen  of  the  same  shape  as 
the  object,  but  of  the  complementary  colour  (570) ;  that  is,  such  a  one  as 
united  to  that  of  the  object  would  form  white  For  a  green  object  the  image 
will  be  red  ;  if  the  object  is  yellow,  the  image  will  be  violet. 

Accidental  colours  are  of  longer  duration  in  proportion  as  the  object  has 
been  more  brilliantly  illuminated,  and  the  object  has  been  longer  looked  a:. 
When  a  lighted  candle  has  been  looked  at  for  some  time,  and  the  eyes  are 
turned  towards  a  dark  part  of  the  room,  the  appearance  of  the  flame  remains, 
but  it  gradually  changes  colour ;  it  is  first  yellow,  then  it  passes  through 
orange  to  red,  from  red  through  violet  to  greenish  blue,  which  is  gradnaDy 
feebler  until  it  disappears.  If  the  eye  which  has  been  looking  at  the  light  be 
turned  towards  a  white  wall,  the  colours  follow  almost  the  opposite  direction : 
there  is  first  a  dark  picture  on  a  white  ground,  which  gradually  changes  into 
blue,  is  then  successively  green  and  yellow,  and  ultimately  cannot  be  distin- 
guished from  a  white  ground. 

The  reason  of  this  phenomenon  is,  doubtless,  to  be  sought  in  the  fact 
that  the  subsequent  action  of  light  on  the  retina  is  not  of  equal  duration  for 
all  colours,  and  that  the  decrease  in  the  intensity  of  the  subsequent  actioo 
does  not  follow  the  same  law  for  all  colours.  According  to  Kiilp,  the  dura- 
tions of  the  after-image  with  moderate  illumination  are  for  white,  ycDow. 
red,  and  blue,  ci,  0*09,  008,  and  o*o66  of  a  second  respectively. 

627.  Zrradiatioii. — This  is  a  phenomenon  in  virtue  of  which  white  objects, 
or  those  of  a  very  bright  colour,  when  seen  on  a  dark  ground,  appear  larger 
than  they  really  are.  Thus  a  white  square  upon  a  black  ground  seems 
larger  than  an  exactly  equal  black  square  upon  a  white  ground  (fig.  55^- 
Irradiation  arises  from  the  fact  that  the  impression  produced  on  the  rttiBa 
extends  beyond  the  outline  of  the  image.  It  bears  the  same  relation  to  the 
space  occupied  by  the  image,  that  the  duration  of  the  impression  does  to  the 
time  during  which  the  image  is  seen. 
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Irradiation. 

t  of  irradiation  is  very  perceptible  in  ihe  apparent  magnitude  of 

may  thus  appear  much  larger  than  they  really  are  ;  also  in  tlie 

of  the  mi>on  when  two  or  three  days  old,  the 

liinated  crescent  seeming  to  extend  beyond 

ortion  of  the  disc,  and  hold  it  in  its  grasp. 

(bund  thai  irradiation  differs  ver>^  much  in 

>plc^  and  even  in  the  same  person  it  differs 

days.  He  also  found  that  irradiation  in- 
\  the  lustre  of  the  object,  and  the  length  of 

which  it  is  viewed.  It  manifests  itself  at 
I ;  diverging  lenses  increase  and  condensing 
lish  it* 

li/  halois  arc  the  colours  which,  instead  of 
^  impression  of  an  object  like  accidental 
round  the  object  itself  when  it  is  iooked 
impression  of  the  lialo  is  the  opposite  to  that  of  the  object : 
:  is  bright  the  halo  is  dark,  and  vice  versd.  These  appearances 
iduced  in  the  following  manner :— A  white  surface,  such  as  a 
ter,  is  illuminated  by  coloured  light,  and  a  narrow  opaque  body 
to  cut  off  some  of  the  coloured  rays.  In  this  manner  a  narrow 
Obtained  which  is  illuminated  by  the  surrounding  white  daylight, 
\  complementary  to  the  coloured  ground.  If  red  glass  is  used, 
appears  green^  and  blue  when  a  )t11ow  glass  is  used. 
\rmst  &/ ioiours  is  a  reciprocal  action  exerted  between  two  adja* 
\  and  in  virtue  of  which  to  each  one  is  added  the  complementary 
r  other.  Chcvrcul  found  that  when  red  and  yellow  colours  arc 
4  acquires  a  violet  and  yellow  an  orange  tint.  If  the  expenment 
b  red  and  blue,  the  former  acquires  a  yellow,  and  the  latter  a 
[With  yellow  and  blue,  yellow  piisses  to  orange,  and  blue  towards 
I  narrow  strip  of  grey  paper  be  laid  on  a  sheet  of  light  green 
>ear%  reddish,  if  laid  on  blue  paper  it  seems  yellow,  and  so  on  for 
t>er  of  combinaticms  ;  in  ail  cases  the  colour  is  complementary 
ir  of  the  base.  The  importance  of  this  phenomenon  in  its  ap* 
I  the  manufacture  of  coloured 
|>et^    curtains,   <SLc,   may    be 

R,  may  be  conveniently  ex- 
|s  of  the  apparatus  show  n 
boui  \  scale.  It  consists 
vertical  board,  AB,  painted 
b(  base,  DC,  painted  black,  on 
^imed  circles  about  \  of  an 
,  black  and  white  rc- 
A  ilieet  of  coloured  glass  is  in- 
of  4  5^ ;  if  now  the  eye  be 
ilteinsge  of  the  white  circle 
Blid  finoo)  the  under  surface  of  the  glass  plate  i»  looked  at  in  front 
OftAB,  the  image  appears  of  a  colour  cumplemcniiuy  to  that  of 
TUfi*  wkb  a  green  plate  a  red  spot  is  seen  on  a  green  ground. 

I*  V 
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631.  BiplC!P7« — Diplopy  is  an  affection  of  the  eye  which  causes  objects 
to  be  seen  double ;  that  is,  that  two  images  are  seen  instead  of  one.  Usoally 
the  two  images  are  almost  entirely  superposed,  and  one  of  them  is  modi 
more  distinct  than  the  other.  Diplopy  may  be  caused  by  the  co-operadon 
of  two  unequal  eyes,  but  it  may  also  affect  a  single  eye.  The  latter  case  is, 
doubtless,  due  to  some  defect  of  conformation  in  the  crystalline  or  other 
parts  of  the  eye  which  produces  a  bifurcation  of  the  luminous  ray,  and  thus 
two  images  are  formed  on  the  retina  instead  of  one.  A  single  eye  may  also 
be  affected  with  triplopy^  but  in  this  case  the  third  image  is  excecdingh 
weak. 

632.  Aebromatops  J. — Achromatopsy^  or  colour  disease  or  blindness^  is  a 
curious  affection  which  renders  us  incapable  of  distinguishing  colours,  or  at 
any  rate  certain  colours.  Persons  affected  in  this  manner  can  distinguish  the 
outlines  of  bodies  without  difficulty,  and  they  can  also  discriminate  between 
light  and  shade,  but  they  are  unable  to  distinguish  the  different  colours. 

The  commonest  case  is  that  of  red  blindness  ;  Dalton  had  it  in  a  pre- 
eminent degree,  and  from  the  fact  that  he  very  carefully  described  it,  the 
disease  has  been  sometimes  called  Daltonism,  To  a  person  so  affected  red 
appears  like  black,  and  the  brighter  shades  bluish-green  ;  bluish-green 
and  white  seem  the  same,  or  at  all  events  only  different  in  shade.  Yellov 
appears  like  green  ;  but  he  distinguishes  between  them,  for  the  yellow  appears 
brighter. 

He  who  is  blind  for  green,  sees  that  colour  as' black,  and  its  lighter  shades 
red.  He  only  sees  red  and  blue  with  their  intermediate  stages ;  yellow  ap- 
pears bright  red ;  white  and  pink  are  alike,  the  spectrum  is  only  red  and  blue: 
in  the  green  there  is  a  grey  band.  Violet  blindness  is  very  infrequoit  awl 
not  well  known  ;  it  can  be  artificially  produced  by  taking  scmtonine.  Colour- 
disease  is  usually  congenital ;  it  has,  however,  been  produced  by  straining  the 
eyes  in  dim  light.     It  is  far  more  frequent  with  males  than  with  females. 

Owing  to  the  difference  in  even  healthy  individuals  as  regards  their  per- 
ception of  different  shades  of  colour,  the  only  certain  means  of  discerninj; 
any  particular  tint  is  to  define  its  position  by  means  of  the  nearest  Fraun- 
hofer's  line  (574).  The  best  test  for  ordinary  use  is  to  give  the  patient  a 
skein  of  wool  of  a  particular  tint— green,  rose,  or  red— and  to  require  him  to 
match  it,  with  others  which  appear  to  him  of  the  same  tint,  among  a  large 
bundle  of  skeins  of  many  colours. 

633*  Opiitbalmosoope. — This  instrument,  as  its  name  indicates,  is  d^  ' 
signed  for  the  examination  of  the  eye,  and  was  invented  in  1851  by  Profcssw  1 
Helmholtz.  It  consists  : — i.  Of  a  concave  spherical  reflector  of  glass  w 
metal,  M  (figs.  558,  559),  in  the  middle  of  which  is  a  small  hole  about  a 
sixth  of  an  inch  in  diameter.  The  focal  length  of  the  reflector  is  from  8  to 
10  inches.  2.  Of  a  converging  achromatic  lens,  ^,  which  is  held  in  front  « 
the  eye  of  the  patient.  3.  Of  several  lenses,  some  convergent,  others  diver- 
gent, any  one  of  which  can  be  fixed  in  a  frame  behind  the  mirror  so  as  t« 
correct  any  given  imperfection  in  the  observer's  sight.  If  the  mirror  is  <" 
silvered  glass,  it  is  not  necessary  that  it  be  pierced  at  the  centre ;  it  is  ^' 
ficient  that  the  silvering  at  the  centre  be  removed. 

To  make  use  of  the  ophthalmoscope,  the  patient  is  placed  in  a  darkened 
room,  and  a  lamp  furnished  with  a  screen  put  beside  him,  E.     The  scre^ 
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s  to  shade  the  light  from  his  head,  and  keep  it  in  darkness.    The  oh- 
T,  A,  holding  in  one  hand  the  reflector,  employs  it  to  concentrate  the 

of  the  lamp  near  the  eye,  B,  of  the  patient,  and  with  his  other  hand 
\  the  achromatic  lens,  ^,  in  front  of  the  eye.    By  this  arrangement  the 

of  the  eye  is  lighted  up,  and  its  structure  can  be  clearly  discerned. 
ig.  559  shows  how  the  image  of  the  back  of  the  eye  is  produced,  which 
ibser\'er.  A,  sees  on  looking  through  the  hole  in  the  reflector.    Let  ab 
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le  part  of  the  retina  on  which  the  light  is  concentrated,  pencils  of  rays 
eeding  from  ab  would  form  an  inverted  and  aerial  image  of  €U>  at  ab\ 
le  pencils,  however,  on  leaving  the  eye,  pass  through  the  lens  Oy  and 
the  image  rt"^"  is  in  fact  formed,  inverted,  but  distinct,  and  in  a  position 


f/ 


V/ 


Fig.  35y 

r  vision.  The  great  quantity  of  light  concentiated  by  the  ophthalmoscope 
C  to  irritate  painfully  the  eye  of  the  patient.  There  are,  therefore,  inter- 
d  between  the  lamp  and  the  reflector  coloured  glasses,  to  cut  off  the 
ling  rays,  viz.  the  red,  yellow,  and  violet  rays.  The  glasses  generally 
oyed  are  stained  green  or  cobalt  blue. 

y  means  of  the  ophthalmoscope  Helmholtz  has  found  that,  in  an  optical 
of  view,  no  eye  is  free  from  defects. 
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CHAKTER   VI  I. 

^n:WCfJi  or  UCHT.      FH^*?PH0RESCE3CCE- 

^^  Wmnmm^  <■«■■■  •#  ifgftu— The  \-anoiis  scMuces  of  light  ait  the 
i>««,  iim  Oar*,  b«at,  chemical  combtnatioii,  pbosphorcscaice,  dectridty,  and 
fmus^^U:  phenomena.  The  last  two  sources  win  be  treated  undo- the  aitkks 
U,\^:irkMy  and  Meteorology. 

The  tmii'm  (A  the  light  emitted  by  the  sun  and  by  the  stars  is  unknow; 
\i  i«  «i«4urrte4  that  the  ignited  envelope  by  which  the  sim  is  surrounded  is 
((A«»e#nie>,  liecause  the  light  of  the  sun,  like  that  emitted  from  aD  gastt* 
tK>4ie«,  given  no  trace  of  polarisation  in  the  polarising  telescope  (Chaptff 
VIII.) 

Ate  regards  the  light  developed  by  heat,  Pouillct  has  observed  that  bodies 
bf gin  to  be  luminous  in  the  dark  at  a  temperature  of  500**  to  600** ;  aba** 
Ihftt  the  light  is  brighter  in  proportion  as  the  temperature  is  higher. 

The  himinous  effects  witnessed  in  many  chemical  combinations  arc  doc  to 
•hP  high  temperatures  produced.  This  is  the  case  with  the  artificial  ligto 
uned  fi»r  illuminations,  for  ordinary  luminous  flames  are  nothing  roorethm 
ganeoua  matters  containing  solids  heated  to  incandescence. 

635,  »boa»bor«ae«Bo«  I  its  mon*^—*— Phosphorescence  is  the  property 
which  a  larjjc  number  of  substances  possess  of  emitting  a  feeble  hnwBosity 
whrn  placeil  under  certain  conditions. 

The  various  phenomena  may  be  referred  to  fi\'e  causes  : — 

i,  SPimtaHe%*i4s  f^Mosphoresctnce  in  certain  vegetables  and  animals  ;■» 
in*taju  r»  it  i>  Yer>-  intense  in  the  glow-worm,  and  the  brightness  of  its  ligbt 
i^ppear^  tvulepend  on  its  will.  Its  light  consists  of  a  continuous  spectronj 
iXx>\\\  C  lv>  near  K  and  is  particularly  rich  in  blue  and  green  ra>'S.  In  tropical 
clm>ates  the  >ea  is  often  covered  with  a  bright  pbo^horescent  light  doe  to 
^4une  evtrenwly  sn^all  zoophyte*.  These  juaimjikules  emit  a  luminous  matter 
M*  subtle  that  Ouoy  and  C.aiuiarvU  during  a  \-oyage  uxier  the  e<jiaw» 
having  placeil  two  in  a  tumbler  of  water»  the  liquid  immediately  becas* 
h»iiuuou>  thro«gh4.Hit  its  entire  mass. 

»L  Ffi*/sph</rti:fLcncif  ay  ctl'vu^'tm  (?/  tempcriUiu^-  This  is  best  seen  m 
veftaijtt  Njxvk't*  ot  diamonvi-s.  and  particuJaj-fy  ia  uklo9vpka»e^  a  variety  oi 
tJvw^par,  whicb^  wb<fD  heated  to  jxx?"^  or  4100'.  sudiicniy  becomes  himiiwtt' 

H  i^<fijl>a*.h  (fvuijjrjevi  ibe  >pcctrujn  ot  pht^iore«:ent  duixspar.  and  fo*J 
ibat  a  v.vij>jM.wi  ^^i  onJv  rjuxc  I>a;Td» ;  ivur  'jiue.  rwti  grc«u  two  yellow,  wd 
oiw  or.iiri^c.  .V>  ihc  rtria::ve  intt.*n>it:e^  ^if  tjiesc  bamls  are  cqnW**^ 
<,haiigtnj^,  \i  r^  ca.**y  tv  jnUur-^t^inii  he  Jiriri.M»jnt  ■.'tjltiurs  [neseuftd  b>'  dJkJiDt 
:>pttvttr»t.Mt:>  vii  t.J)i^  ittincr:ii. 


-636] 


Phosphoresuttce  by  Insolation. 


W 


I  iii  Pk&spk&r€S€ince  by  mechanical  effects^  such  as  friction,  percussion, 
cleavage,  &c. ;  for  example,  when  two  crystals  of  quarti  are  rubbed  against 
each  other  in  darkness,  when  a  lump  of  sugar  is  broken,  or  when  a  plate  of 
kiica  is  deft 

iv.  Fho$pkor€S€€nce  by  ciecindiy,  like  that  which  results  from  the  fric- 
W  of  mercury  against  the  glass  in  a  barometric  tube,  and  especially  from 
I  the  electric  sparks  proceeding  either  from  an  ordinary  electrical  machine,  or 
j^m  a  RuhmkorflTs  coil. 

j     V,  Phospkoresance  by  insafaiion  ar  exposure  fa  iht  sun,    A  large  number 

[<f  substances,  after  having  been  exposed  to  the  action  of  sunlight,  or  of 

like  diiTtised  tight  of  the  atmosphere,  emit  in  darkness  a  phosphorescence 

colour  and  intensity  of  which  depend  on  the  nature  and  physical  condi- 

oC  these  substances. 

6j6.  9to«cplMr0«eMio«  by  Insolmtion, — This  was  6rst  observed  in  1604 

Bolognese  phosphorus  (sulphide  of  barium),  but  it  also  exists  in  a  great 

of  substances.     The  sulphides  of  calcium  and  strontium  are  those 

lich  present  it  in  the  highest  degree.     When  well  prepared,  after  being 

to  the  light^  they  arc  luminous  for  several  hours  in  darkness.     But 

this  phosphorescence  takes  place  in  a  vacuum  as  well  as  in  a  gaseous 

it  cannot  be  attributed  to  a  chemical  action,  but  rather  to  a  tcmpo- 

ification  which  the  body  undergoes  from  the  action  of  light.     A 

scent  sulphide  of  calcium  is  prepared  for  industrial  purposes,  and 

linoirn  as  Balmains  luminous  paint. 

After  the  substances  above  named,  the  best  phosphorescents  are  the 
Qowin^,  tn  the  order  in  which  they  are  placed  :  a  large  number  of  diamonds 
IpcciaUy  yellow  ones),  and  most  specimens  of  fluorspar  ;  then  arragonite, 
lemivous  concretions,  chalk,  apatite,  heavy  spar,  dried  nitrate  of  calcium 
dried  chloride  of  calcium^  cyanide  of  calcium,  a  large  number  of 
m  or  barium  compounds,  magnesium  and  its  carbonate,  &c.  Besides 
a  large  number  of  organic  substances  also  become  phosphorescent  by 
;  for  instance^  dry  paper,  silk,  cane-sugar,  milk-sugar,  amber,  the 

Tlicditferent  spectral  rays  arc  not  equally  well  fitted  to  render  substances 
kosphorcicaiL  TTie  maximum  cflecl  takes  place  in  the  vinlct  rays,  or  even 
St^  licyt>iid  ;  while  the  light  emitted  by  phosphorescent  bodies  generally 
10  rays  of  a  smaller  refrangibility  than  those  of  the  light  received 
}tttBm  aad  giving  rise  to  the  action. 

Tike  tint  which  phosphorescent  bodies  assumes  is  very  variable,  and  even 
i  tke  ijiiDe  body  it  changes  ^nth  the  manner  in  which  it  is  prepared.  In 
compounds  green  and  blue  lints  predominate  ;  and  orange,  yellow, 
id  ^f^Mii  tints  in  the  sulphides  of  barium. 
Tlie  duration  of  phosphorescence  varies  also  in  different  bf*dies.  In  the 
^idcs  of  calcium  and  strontium,  phosphorescence  lasts  as  long  as  thirty 
if» ;  with  niher  substances  it  does  not  exceed  a  few  seconds,  or  even  a 
:i>QQ  of  a  second 

Thtt    colour  emitted  by  an  artificial   phosphorescent  alters  with  the 
speralure  during  insolation*    Thus  with  sulphide  of  strontium  the  light  Is 
irlt  vWct  at  —  20^  C,  bright  blue  at  +  40*^,  bluish-green  at  70^,  greenish- 
at  toc^t  and  reddtsh-yellow  of  feeble  luminosity  at  lad"  C. 
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Pkmpharascopi,  In  €icperimenting  with  bodies  wbase  pbospboRSceote 
kut&  a  few  mtntites  or  even  a  few  seconds,  it  is  stmplf  necessafy  to  apOK 
ffieni  to  soUr  or  diffused  li^ht  for  a  «hort  time,  woA  then  fdace  tlMoi  in  iaak* 
nt^s  \  their  luminosity  is  very  apparent,  especially  if  care  has  beea  taken  to 
cIom:  the  e>'es  previously  for  a  few  moments.  Bm  in  tbe  case  of  bodies  vbo^ 
phosphorescence  lasts  only  a  very  short  time,  this  method  is  inadequate. 
Bcrquerel  invented  an  ingenious  apparatus,  the  fikespk^rvsc^^  by  wbidJ 
bodies  can  be  viewed  immediatel>'  after  being  exposed  to  light :  the  intemil 
which  separates  ihc  insolation  and  observation  can  be  made  as  smaH  m 
possible,  and  measured  with  great  pi^ecision. 
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mrespond  to  each  other,  the  apertures  of  the  screens  alternate,  so  that  the 
»pen  parts  of  the  one  correspond  to  the  closed  parts  of  the  other.  The  two 
creens,  as  akeady  mentioned,  are  placed  in  the  box,  and  fixed  to  the  axis, 
rhich  by  means  of  a  train  of  wheels,  worked  by  a  handle,  can  be  made  to 
am  with  any  velocity. 

In  order  to  investigate  the  phosphorescence  of  any  body  by  means  of 
his  instrument,  the  body  is  placed  on  a  stirrup  interposed  between  the  two 
otating  screens.  The  light  cannot  pass  at  the  same  time  through  the 
ipposite  apertures  of  the  sides  A  and  B,  because  one  of  the  closed  parts  of 
be  screen  MM»  or  of  the  screen  PP,  is  always  between  them.  So  that  when 
I  body,  Oy  is  illuminated  by  light  from  the  other  side  of  the  apparatus,  it 
mild  not  be  seen  by  an  observer  looking  at  the  aperture,  ^,for  then  it  would 
«  masked  by  the  screen  PP.  Accordingly,  when  an  observer  saw  the  body 
!,  it  would  not  be  illuminated,  as  the  light  would  be  intercepted  by  the  closed 
arts  of  a  screen  MM.  The  body  a  would  alternately  appear  and  dis- 
ppear ;  it  would  disappear  during  the  time  of  its  being  illuminated,  and 
lipear  when  it  was  no  longer  so.  The  time  which  elapses  between  the 
ppearance  and  disappearance  depends  on  the  velocity  of  rotation  of  the 
creens.  Suppose,  for  instance,  that  they  made  1 50  turns  in  a  second ;  as 
Qe  revolution  of  the  screens  is  effected  in  j^-  of  a  second,  there  would  be 
)ur  appearances  and  four  disappearances  during  that  time.  Hence  the 
mgth  of  time  elapsing  between  the  time  of  illumination  and  of  observation 
ould  be  J  of  jj^  of  a  second  or  0*0008  of  a  second. 

Obser^'ations  with  the  phosphoroscope  are  made  in  a  dark  chamber,  the 
bservcr  being  on  that  side  on  which  is  the  wheelwork.  A  ray  of  solar  or 
ieciric  light  is  allowed  to  fall  upon  the  substance  «,  and,  the  screens 
einj;  made  to  rotate  more  or  less  rapidly,  the  body  a  appears  luminous  by 
"ansparence  in  a  continuous  manner,  when  the  interval  between  insolation 
id  r>bscr\*aiion  is  less  than  the  duration  of  the  phosphorescence  of  the  body. 
•y  e\i>criments  of  this  kind,  Becquerel  has  found  that  substances  which 
sually  are  not  phosphorescent  become  so  in  the  phosphoroscope  ;  such,  for 
istanrc,  is  Iceland  spar.  Uranium  compounds  present  the  most  brilliant 
ppear.incc  in  this  apparatus  ;  they  emit  a  very  bright  luminosity  when  the 
Srer'.cr  can  see  them  0*03  or  0*04  of  a  second  after  insolation.  But  a  larj^c 
umber  of  bodies  produce  no  effect  in  the  phosphoroscope ;  for  instance, 
uartz,  sulphur,  phosphorus,  metals,  and  liquids. 
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DOUBLE  REFRACnOX.      IXTERFERENCE.      POLARISATION. 


657.  Tk«  CTdi^Hifrytfctityrilgfct.— It  has  been  already  stated  (499) 
that  the  phenomenon  of  light  is  ascribed  to  undulations  propagated  throogb 
an  exceedingly  rare  medium  called  the  luminiferous  ether,  which  is  supposed 
to  pervade  all  space,  and  to  exist  between  the  molecules  of  the  ordinaiy 
forms  of  matter.  In  short,  it  is  hdd  that  light  is  due  to  the  undulatioos  ot 
the  ether,  just  as  sound  is  due  to  undulations  propagated  through  the  air. 
In  the  latter  case  the  undulations  cause  the  dnun  of  the  ear  to  vibrate 
and  produce  the  sensation  of  sound.  In  the  fbnner  case,  the  undnladoos 
cause  points  of  the  retina  to  vibrate  and  produce  the  sensation  of  liglit 
The  two  cases  differ  in  this,  that  in  the  case  of  sound  there  is  independeflt 
evidence  of  the  existence  and  vibration  of  the  medium  (air)  which  propagiics 
the  undulation ;  whereas  in  the  case  of  light  the  existence  ot  the  mediflB 
and  its  vibrations  is  oxxvot/^  because  that  supposition  connects  and  expbitf 
in  the  most  complete  manner  a  long  series  of  very  various  pheDOOMBa. 
There  is,  however,  no  independent  evidence  of  the  existence  of  the  hunioi- 
ferous  ether. 

The  analogy  between  the  phenomena  of  sound  and  light  is  very  dose ; 
thus,  the  intensity  of  a  sound  is  greater  as  the  amplitude  of  the  vibratioB  of 
each  particle  of  the  air  is  greater,  and  the  intensity  of  light  is  greater  as  the 
amplitude  of  the  vibration  of  each  particle  of  the  ether  is  gp-eater.  Agiin»  * 
sound  is  more  acute  as  the  length  of  each  undulation  producing  the  wao^  ^ 
less,  or,  what  comes  to  the  same  thing,  according  as  the  number  of  vibntioQS 
per  second  is  greater.  In  like  manner,  the  colour  of  light  is  difierent  ac- 
cording to  the  length  of  the  undulation  producing  the  light :  a  red  ligbt  is 
due  to  a  comparatively  long  undulation,  and  corresponds  to  a  deep  sooA 
while  a  violet  light  is  due  to  a  short  undulation,  and  corresponds  to  an  acute 
sound. 

Although  the  length  of  the  undulations  cannot  be  obserx-ed  direct!)',  5^* 
they  can  be  inferred  from  certain  phenomena  with  great  exactness.  Tk 
following  table  gives  the  lengths,  in  inches  and  millimetres,  of  the  undulaii»* 
corresponding  to  the  light  at  the  principal  dark  lines  of  the  spectrum  :-- 

I^nsth  of  Length  of 

Undulation  Uodulatkn 

l)2xV  line  in  inches  in  oulUmctres 

H 0-0000271  oxxx>6874 

C 0*00CX>258  OXXX36$63 

I), 00000232  0-0005897 

E 0XXXX>207  OXXX>$371 

F 0*0000191  0-0004862 

G o-cxxx>i69  0*0004311 

H, otxx»i59  oxxx>3969 
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wiU  be  remarked  that  the  limits  are  very  narrow  within  which  the 
I  of  the  undulations  of  the  ether  must  be  comprised,  if  they  are  to 
teble  of  producmg  the  sensation  of  light.  In  this  respect  light  is  in 
d  contrast  to  sound.  For  the  limits  are  very  wide  within  which  the 
I  of  the  undulations  of  the  air  may  be  comprised  when  they  produce 
isalion  of  sound  (244), 

e  undulatory  theory  readily  explains  the  colours  of  different  bodies. 
ling  to  that  theor>%  certain  bodies  have  the  property  of  exciting  undula- 
€  difierent  lengths,  and  thus  producing  light  of  given  colours.  White 
r  daylight  results  from  the  coexistence  of  undulations  of  all  possible 

^  colour  of  a  body  is  due  to  the  power  it  has  of  extinguishing  certain 
Dns,  and  of  reflecting  others  ;  and  the  body  appears  of  the  colour  pro- 
by  the  coexistence  of  the  reflected  vibrations.  A  body  appears  white 
It  reflects  all  diflerent  vibrations  in  the  proportion  in  which  they  are 
t  in  the  spectrum  ;  it  appears  black  when  it  reflects  light  in  such 
DQan titles  as  not  to  affect  the  eye.  A  red  body  is  one  which  has  the 
\f  of  reflecting  in  predominant  strength  those  vibrations  which  pro- 
le aeiuation  of  red.  This  is  seen  in  the  fact  that,  when  a  piece  of  red 
is  held  against  the  daylight,  and  the  reflected  light  is  caught  on  a 
rall^  this  also  appears  red.  A  piece  of  red  paper  in  the  red  part  of 
pctrum  appears  of  a  brighter  red,  and  a  piece  of  blue  paper  held  in 
r  part  appears  a  brighter  blue;  while  a  piece  of  red  paper  placed  m 
kt  or  blue  part  appears  almost  black.  In  the  last  case  the  red  papier 
iy  reflect  red  rays,  while  it  extinguishes  the  blue  rays,  and  as  the  blue 
ipcctnun  IS  ahnosl  free  from  red,  so  Httle  is  reflected  that  the  paper 
I  bbck. 

\  uiidQlatorry  theory^  likewise  explains  the  colours  of  transparent  bodies. 
\  vibrating  motion  on  reaching  a  body  sets  it  in  vibration.  So  also  the 
Vfisof  the  luminiferous  ether  are  commimicated  to  the  ether  in  a  body, 
ping  it  in  mation,  produce  light  of  different  colours-  When  this  motion 
^^Ned  through  any  body,  it  is  said  to  be  transparent  or  transtucent^ 
^PiO  the  different  degrees  of  strength  with  which  this  transmission  is 
1^  In  the  opposite  case  it  is  said  to  be  opaque^ 

en  light  £ftlls  upon  a  transparent  body,  the  body  appears  colourless  if 
ribrations  arc  transmitted  in  the  proportion  in  which  they  exist  in  the 
m.  But  if  some  of  the  vibrations  arc  checked  or  extinguished,  the 
Irt  tight  wilJ  be  of  the  colour  produced  by  the  coexistence  of  the  un- 
I  rtbrations^  Thus,  when  a  piece  of  blue  glass  is  held  before  the  eye, 
bldons  producing  red  and  yellow  are  extinguished,  and  the  colour  is 
Ebe  emergent  vibrations  which  produce  blue  light. 
!  iizidulator}-  theory  also  accounts  for  the  reflection  and  refraction  of 
I  n-eJl  as  other  phenomena  which  are  yet  to  be  described.  The  cx- 
tn  of  the  refraction  of  light  is  of  so  much  importance  that  we  shall 
lo  if  the  following  article. 

Vfejalcttl  es^laofttloii  of  slovte  rerractloo. — The  explanation  of 
mooicoon  by  means  of  the  unduIator>'  theory  of  light  presupposes 
|llie  mode  of  propagation  of  a  plane  wave.  Now,  if  a  disturbance 
M  fit  any /c7f>f/ of  the  ether,  it  would  be  propagated  as  a  spherical 
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wave  in  all  directions  round  that  point  with  a  uniform  velocity.  If,  instead 
of  a  single  point,  we  consider  the  front  of  a  plane  wave,  it  is  evident  that 
disturbances  originate  simultaneously  at  all  points  of  the  front,  and  that 
spherical  waves  proceed  from  each  point  with  the  same  uniform  velocit)*. 
Consequently  all  these  spheres  will  at  any  subsequent  instant  be  touched  b}' 
a  plane  parallel  to  the  original  plane.  The  disturbances  propagated  from 
the  points  in  the  first  position  of  the  wave  will  mutually  destroy  each  other, 
except  in  the  tangent  plane  ;  consequently  the  wave  advances  as  a  plane 
wave,  its  successive  positions  being  the  successive  positions  of  the  tangent 
plane.  If  the  wave  moves  in  any  medium  with  a  velocity  v,  it  will  describe 
a  space  vt  in  a  time  /,  in  a  direction  at  right  angles  to  the  wave-front. 

In  any  given  moment  let  mn  (fig.  562)  be  the  position  of  the  wave-front  of 
a  ray  of  light,  which,  moving  through  any  medium,  meets  the  plane  surfoce 

AB  of  any  denser  refract- 
ing medium.  In  the  same 
moment  in  which  the 
wave-front  reaches  «,  * 
becomes  the  centre  of  a 
spherical  wave  s>'Stem 
which  moves  in  the  se- 
cond medium  ;  and  as 
the  elasticity  of  the  second 
medium  is  different  from 
that  of  the  first,  the  «- 
locity  of  propagation  of 
the  wave  in  the  two  media  will  be  different.  While  the  plane  waN'c  nKWts 
from  /I  to  K,  the  corresponding  wave  starting  from  m  reaches  the  sur6c« 
of  a  sphere  the  radius  of  which  is  less  than  «K,  if  the  second  medium  is 
more  strongly  refracting  than  the  first.  The  incident  wave  in  like  manner 
reaches  ///'  and  n'  simultaneously,  and  while  « 'moves  to  K,  w'  moves  to  #» 
the  surface  of  a  sphere  the  radius  of  which,  m'o\  is  to  mo  as  «'  is  to  ^ 
All  the  elementary  waves  proceeding  from  points  intermediate  to  «  and  K 
which  arise  from  the  same  incident  wave,  touch  one  and  the  same  pto* 
K^'^,  and  the  refracted  ray  proceeds  in  the  new  medium  perpendicular  to  this 
tangent  plane. 

Now  «K  and  mo  represent  the  velocities  of  light  in  the  unit  of  time  in  the 
two  media  respectively  ;  let  ;//K  be  taken  as  unit  of  length,  then 
/f K  B  sin  ;/;//K  and  mo  ^  sin  mY^o, 
Now  ;//;/K  is  the  angle  of  incidence  of  the  ray,  and  wKc»  is  the  angle  « 
refraction,  and  «K  and  mo  are  the  velocities  of  light  in  the  two  medi* 
respectively ;  hence  we  see  that  these  velocities  arc  to  each  other  in  ih* 
same  ratio  as  the  sines  of  the  angles  of  incidence  and  refraction  ;  a  coodu- 
sion  which  agrees  with  the  results  of  direct  observation  (506)  and  forms* 
beautiful  confirmation  of  the  truth  of  the  undulator)'  theory. 


DOUBLE    REFRACTION. 


639.  Bonble  reftactton.-  It  has  been  already  stated  (536)  that  aUr^, 
number  of  crystals  possess  the  property  of  double  refraction,  in  urtne  «• 
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incident  ray  in  passing  through  any  one  of  them  is  divided 
•o,  or  undergoes  bifurcation^  whence  it  follows  that,  when  an  object 
\  through  one  of  these  crj'stals,  it  appears  double.  The  fact  of  the 
ce  of  double  refraction  in  Iceland  spar  was  first  stated  by  Bartholin 
%  but  the  law  of  double  refraction  was  first  enunciated  exactly  by 
icns>  in  his  treatise  on  light,  written  in  1678  and  published  in  1690. 
ratals  which  possess  this  peculiarity  are  said  to  be  d^mble'Tefracting, 

fcto  a  greater  or  less  extent  in  all  crystals  which  do  not  belong  to 
1  s>'stcm.  Bodies  which  cry^stallise  in  this  system,  and  those 
like  glass,  are  destitute  of  cr>'stallisalion,  have  no  double  refraction. 
Uperty  can,  however,  be  imparted  to  them  when  they  are  unequally 
d,  or  when  they  are  cooled  quickly  after  having  been  heated,  in 
Mc  glass  is  said  to  be  unannmicd.  Of  all  substances,  that  which 
it  most  remarkably  is  Iceland  spar  or  carbonate  of  calcium.  In 
abstances,  the  power  of  double  refraction  can  hardly  be  proved  to 
ircctly  by  the  bifurcation  of  an  incident  ray  ;  but  its  existence  is  shown 
<ly  by  their  being  able  to  depolarise  light  (665), 

Iflicl  explained  double  refraction  by  assuming  that  the  ether  in  double- 
fag  l)odies  is  not  equally  elastic  in  all  directions  {  from  which  it 
Ikhat  the  vibrations^  in  certain  directions  at  right  angles  to  each 
ire  transmitted  with  unequal  velocities  ;  these  directions  being  depen- 
thc  constitution  of  the  crystal.  This  hypothesis  is  confirmed  by 
1y  uhich  glass  acquires  of  becoming  double-refracting  by  being 
ed  and  by  pressure. 
I^Vniasial  cryttaU*— In  all  double-refracting  cr>'sials  there  is  one 
y  and  in  some  a  second  direction,  possessing  the  following  property  \— 
Ipotnt  is  looked  at  through  the  cr>'Stal  in  this  particular  direction,  it 
7  Appear  double.  The  lines  fixing  these  directions  are  called  optic 
id  sometimes,  though  not  very  properly,  axes  of  double  refraction. 
I  is  called  uniaxial  when  it  has  one  optic  axis  ;  that  is  to  say,  when 

DC  direction  within  the  cr>'Stal  along  

TXf  of  light   can    proceed   without 
WTicn  a  cr)'stal  has  hi*o  such 
►  called  a  hiaxiai  cry^staL 
k«miaxbl  crystals    most    frequently  ,,       ^     ,  ^ 

tJCil  instruments  are  Iceland  spar,       »-^''  \  \ 

[tottrmaltne.  Iceland  spar  crystal- 
ohedra,  whose  faces  form  with 

ftglesof  105^5'or  74^55'.     It 
\  loltd  angles  see  fig*  563>   Of  these,  two,  situated  at  the  extremities 
Flbc  diagonals,  are  severally  contained  by  three  obtuse  angles.     A 
1  within  one  of  these  two  angles  in  such  a  manner  as  to  be  equally 
to  the  three  ^^gt^  containing  the  angle  is  called  the  axis  of  the 
If  all  the  edges  of  the  crystal  were  equal,  the  axis  of  the  crystal 
with  the  diagonal,  ab, 
'  sbow^d  that  in  all  uniaxial  crystals  the  optic  axis  coincides  with 
ilisation. 

plane  with  reference  to  a  point  of  any  lace  of  a  cr>^stal, 
or  artificial,  is  a  plane  drawn  through  that  point  at  right 
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INTERFERENCE  AND  DIFFRACTION. 


645.  ZBterferenea  of  llrbt. — The  name  interference  is  given  to  the  re- 
ciprocal action  which  two  rays  of  light  exert  upon  each  other  when  they  are 
emitted  from  two  neighbouring  sources,  and  meet  each  other  under  a  very 
small  angle.  This  action  may  be  observed  by  means  of  the  following  ei- 
periment : — In  the  shutter  of  a  dark  room  two  very  small  apertures  of  the 
same  diameter  are  made  close  to  each  other.  The  apertures  are  dosed 
by  pieces  of  coloured  glass — red,  for  example — ^by  which  two  pencils  of 
homogeneous  light  are  introduced.  These  two  pencils  form  two  divergent 
luminous  cones,  which  meet  at  a  certain  distance  ;  they  are  received  on  a 
white  screen  a  little  beyond  the  place  at  which  they  meet,  and  in  the  segmefll 
common  to  the  two  discs  which  form  upon  this  screen  some  very  well-defined 
alternations  of  red  and  black  bands  are  seen.  If  one  of  the  two  apertues 
be  closed,  the  fringes  disappear,  and  are  replaced  by  an  almost  uniform  red 
tint  From  the  fact  that  the  dark  fringes  <^sappear  when  one  of  the  beams 
is  intercepted,  it  is  concluded  that  they  arise  from  the  interference  of  the  two 
pencils  which  cross  obliquely. 

This  experiment  was  first  made  by  Grimaldi,  but  was  modified  by 
Young.    Grimaldi  had  drawn  from  it  the  conclusion  that  light  added  toligkt 


Fig.  564. 


produced  darkness.  The  full  importance  of  this  principle  remained  ^ 
a  long  time  unrecognised,  until  these  inquiries  were  resumed  by  Yoang 
and  Fresnel,  of  whom  the  latter,  by  a  modification  of  Grimaldi*s  expeii- 
ment,  rendered  it  an  experimentmn  cruets  of  the  truth  of  the  undulawy 
hypothesis. 

In  Grimaldi's  experiment  diffraction  (646)  takes  place,  for  the  luinino* 
rays  pass  by  the  edge  of  the  aperture.  In  the  following  experiment,  wfaic^ 
is  due  to  Fresnel,  the  two  pencils  interfere  without  the  possibility  of  diffraction 

Two  plane  mirrors,  AB  and  BC  (fig.  564),  of  metal,  are  arranged  dosctt 
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kh  Olbcr,  so  as  lo  form  a  very  obtuse  angle,  ABC,  which  must  be  very 
ftle  less  than  180®.  A  pencil  of  red  lig^ht,  which  passes  into  the  dark 
tamberi  is  brought  to  a  focus,  F,  by  means  of  a  lens,  L.  On  diverging  from 
toe  ra>*s  fall  partly  on  AB,  and  partly  on  BC  If  BA  is  produced  to  P  and 
^Fj  is  drawn  at  right  angles  to  AP,  and  if  PF^  is  made  equal  to  PF^  then 
^  rays  which  fall  on  AB  will*  after  reflection,  proceed  as  if  they  diverged 
Im  F,.      If  a  similar  construction  is  made  for  the  rays  falling  on  BC,  they 

E proceed  after  reflection  as  if  they  diverged  from  F.^-  A  little  considera- 
wil!  show  that  F|  and  F.^  are  very  near  each  other.  Suppose  the  re- 
ed rays  to  fall  on  a  screen  SS^  placed  nearly  at  right  angles  to  their 
pections*  Evcr>^  point  of  the  screen  which  receives  light  from  both  pencils 
lUlufninated  by  both  rays,  viz.  one  from  F,,  the  other  from  F^ :  thiis  the 
lot  H  is  illuminated  by  Vfto  rays,  as  also  are  K  and  L  Now  the  combined 
llofi  of  these  ti^'O  pencils  is  to  form  a  series  of  parallel  bands  alternately 
lit  &Dd  dark  on  the  screen  at  right  angles  to  the  plane  of  the  paper.  This 
the  fimdamental  phenomenon  of  interference  ;  and  that  it  results  from  the 
}fU  ^iU&n  {^fthe  two  pencils  is  plain,  for  if  the  light  which  falls  upon  either 
'tile  mirrors  is  cut  off^  the  dark  bands  disappear. 

'  Thb  remarkable  experiment  is  explained  in  the  most  satisfactory'  manner 
r  tlie  cmdulatory  theory  of  light.  The  explanation  exactly  resembles  that 
ready  given  of  the  formation  of  nodes  and  loops  by  the  combined  action  of 

0  alifiaJ  ira%"es  (262) ;  the  only  difference  being  that  in  that  case  the  vibrat- 

1  fMUtfdes  were  supposed  to  be  particles  of  air,  whereas,  in  the  present 
•e,  the  vibrating  panicles  are  supposed  to  be  those  of  the  luminiferous 
ber.  Consider  any  point  K  on  the  screen,  and  first  let  us  suppose  the  dis- 
pee  of  K  from  F,  and  F^  to  be  equal     Then  the  undulations  which  reach 

will  always  be  in  the  ^tLmt  phase,  and  the  particle  of  ether  at  K  will  vibrate 

i  if  the  ligirt  came  from  one  source  :  the  amplitude  of  the  vibration,  how- 

irr<  will  be  tncreased  tn  exactly  the  same  manner  as  happens  at  a  loop  or 

Inernd  point  ;  consequently  at  K  the  intensity  of  the  light  will  be  increased, 

id  the  tame  will  be  true  for  all  parts  on  the  screen,  such  that  the  difference 

hpcen  their  distances  from  the  two  images  equals  the  length  of  one^  two, 

fW9^  Bc^.,  Tindulations.     If,  on  the  other  hand,  the  distances  of  K  from  F^ 

F  ,  the  length  of  half  an  undulation,  then  the  two  waves  would 

ysjt  '  tly  opposite  phases.     Consequently,  whatever  velocity  would 

oomoiuntcated  at  any  instant  to  a  particle  of  ether  by  the  one  undulation, 

^amcCtf  equal  and  opposite  velocity  would  be  communicated  by  the  other 

I,  and  the  particle  would  be  permanently  at  rest,  or  there  would  be 

at  that  point  ;  this  result  being  produced  in  a  manner  precisely  re- 

Inbtini^  the  formation  of  a  nodal  point  already  explained.     The  same  will 

tme  for  all  positions  of  K,  such  that  the  differences  between  its  distances 

m  F,  A«d  Fj  is  equal  to  three  halves,  or  five  halves,  or  seven  halves,  &c., 

Accordingly,  there  will  be  on  the  screen  a  succession  of 

of  light  and  dark  points,  or  rather  lines—  for  what  is  true  of  points 

the  pl»oe  of  the  paper  (fig.  564)  will  be  equally  true  of  other  points  on  the 

which  if  supposed  to  be  at  right  angles  to  the  plane  of  the  paper 

iht  light  and  dark  lines  the  intensity  of  the  light  will  vary,  increas- 

r  midasl)^  6T»m  darkness  to  its  greatest  intensity,  and  then  decreasing 

"  dark  Ime,  and  so  on. 
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If  instead  of  red  light  any  other  coloured  light  were  used — for  example^ 
violet  light — an  exactly  similar  phenomenon  would  be  produced,  but  die  dis- 
tance from  one  dark  line  to  another  would  be  different  If  white  liglit  weie 
used,  each  separate  colour  tends  to  produce  a  different  set  of  dark  Uaei 
Now  these  sets  being  superimposed  on  each  other,  and  not  coinciding;  the 
dark  lines  due  to  one  colour  are  illuminated  by  other  coloois,  and  insteKl  of 
dark  lines  a  succession  of  coloured  bands  is  produced.  The  number  of 
coloured  bands  produced  by  white  light  is  much  smaller  than  the  number  of 
dark  lines  produced  by  a  homogeneous  light ;  since  at  a  small  distance  fron 
the  middle  band  the  various  colours  are  completely  blended,  and  a  oniiKiii 
white  light  produced. 

646.  StflraottoB  and  tHares. — Diffraction  is  a  modification  which  ligte 
undergoes  when  it  passes  the  edge  of  a  body,  or  when  it  traverses  a  ml 
aperture — a  modification  in  virtue  of  which  the  luminous  rays  appitr  ^ 
become  bent,  and  to  penetrate  into  the  shadow. 

This  phenomenon  may  be  observed  in  the  following  manner: — ^A||beepof 
solar  light  is  allowed  to  pass  through  a  very  small  aperture  in  the  shutter  of 
a  dark  room,  where  it  is  received  on  a  condensing  lens,  L  (fig.  56$),  witfi  a 


Fig.  565. 

short  focal  length.  A  red  glass  is  placed  in  the  aperture  so  as  to  allov  oolf 
red  light  to  pass.  An  opaque  screen,  e^  with  a  sharp  edge  a— a  ranr*  tor 
instance — is  placed  behind  the  lens  beyond  its  focus,  and  intercepts  one  por- 
tion of  the  luminous  cone,  while  the  other  is  projected  on  the  screen  K^ 
which  B  represents  a  front  view.  The  following  phenomena  are  now  seen  :— 
Within  the  geometrical  shadow,  the  limit  of  which  is  represented  by  the  Une 
ab^  a  faint  light  is  seen,  which  gradually  fades  in  proportion  as  it  is  £uthcr 
from  the  limits  of  the  shadow.  In  this  part  of  the  screen — which,  being  about 
the  iline  ab^  might  be  expected  to  be  uniformly  illuminated — a  series  of 
alternate  dark  and  light  bands  or  fringes  is  seen  parallel  to  the  line  of  sbadov 
which  gradually  become  more  indistinct  and  ultimately  disappear.  The  hmitt 
between  the  light  and  dark  fringes  are  not  quite  sharp  lines :  there  are  ptilf 
of  maximum  and  minimum  intensity  which  gradually  fade  off  into  eadi  olhcb 

All  the  colours  of  the  spectrum  give  rise  to  the  same  phenomenon,  bit 
the  fringes  are  broader  in  proportion  as  the  light  is  less  refrangible.  Th«» 
with  red  light  they  are  broader  than  with  green,  and  with  green  than  wilh 
violet.  Hence,  with  white  light,  which  is  composed  of  different  colours^  the 
dark  spaces  of  one  tint  overlap  the  light  spaces  of  another,  and  thus  a  scritt 
of  prismatic  colours  will  be  produced. 

If,  instead  of  placing  the  edge  of  an  opaque  body  between  the  light  tf' 
the  screen,  a  very  narrow  body  be  interposed,  such  as  a  hair  or  a  fine  metaOtf 
wire,  the  phenomena  will  be  different.  Outside  the  space  corresponding  ^ 
the  geometrical  shadow,  there  is  a  series  of  fringes,  as  in  the  former  case. 
But  within  the  shadow  also  there  is  a  series  of  alternate  light  and  dark  bwds. 
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iilled  interior  fringes,  and  are  much  narrower  and  more  numerous 
^mal  fringes^ 

\  small  opaque  circular  disc  is  interposed,  white  light  being  used, 
on  ibc  screen  shows  in  the  middle  a  bright  spot  surrounded  by  a 
Dioured  concentric  rings  ;  the  bright  spot  is  of  various  colours 
|o  ihc  relative  positions  of  the  disc  and  screen.  The  haloes  some- 
loundthe  sun  and  moon  belong  to  this  class  of  phenomena.  They 
\  Fraunhofer  showed,  to  the  diflraction  of  light  by  small  globules 
Ihe  atmosphere,  Fraunhofer  even  gave  a  method  of  estimating 
liameter  of  these  globules  from  the  dimensions  of  the  haloes. 
mtl«f»,— Phenomena  of  diflTraction  of  another  class  are  produced 
\  the  pencil  of  light  from  the  luminous  point  to  traverse  an  aper- 
form  of  a  narrow  slit  in  an  opaque  screen.  The  diffracted  light 
pdired  on  a  sheet  of 
6r»  but  the  images 
letter  seen  through 
Mope  placed  be- 
mperture.  If  the 
I  very  small,  the 
piay  be  dispensed 
Uic  figure  may  be 

placing  the  apcr^  j.-^  .  .^ 

}  tlic  cye^     If  now 

iiatic  light,  red  for  instance  (572),  be  allowed  to  fall  through  such 
[il«  a  bright  band  of  red  light  is  seen,  and  right  and  left  of  it  a 
nailar  bands  gradually  diminishing  in  brightness  and  separated  by 
I. 

Kfidth  of  these  bands  differs  with  the  nature  of  the  light,  being 
ind  nearer  together  in  violet  than  in  green,  and  these  again  nar* 
•nearer  than  in  red,  as  shown  in  fig.  566,  If  ordinary  white  light 
len  the  colours  are  not  exactly  superposed,  but  a  series  of  equi- 
sctra  IS  formed  on  each  side  of  the  bright  line,  with  their  violet 
[  inwards^ 

ST  to  explain  thb,  let  us  refer  to  fig.  567,  which  represents  the 
^  tlie  first  dark  band.  \Vlien  light  is  incident  on  the  slit,  AB,  the 
f  ether  there,  which  we  w*ill  represent  by  the  dotted  lines,  will  be 
lilon^  and  each  point  will  become  the  centre  of  a  new  series  of 
V  CoQsider  now  the  undulations  whicli  constitute  a  ray  proceed- 
l  aagles  to  the  plane  of  the  slit :  all  such  undulations  will  form  a 
jbl  on  the  screen  MN.  Those  which  are  not  parallel  but  proceed 
rlixuiions,  and  meet  at  the  point  r,  will  be  in  the  same  phase  and 
XX  each  other,  and  the  line  of  maximum  brightness  will  be  at  r* 
ihowever,  a  pencil  of  rays  which  proceeds  from  the  slit  in  an 
rection  and  which  meets  the  screen,  or  the  retina,  in  the  point  x, 
.  suppose  that  the  difference  between  the  lengths  of  the  paths  of 
tions  proceeding  from  the  edges  b  and  a — that  is,  hi  and  as — is 
m  length  of  an  undulation.  Make  sc^sh  and  join  ^ ;  then  ac  b 
of  the  undulation. 

that  the  whole  set  of  undulations  which  proceeds  froin 
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the  slit  ab  is  divided  at  d  into  two  equal  groups  of  undulations.  Then  i 
little  consideration  will  show  that  at  any  part  of  the  path  there  will  be  a  dif 
fcrcnce  of  phase  of  half  an  undulation  between  the  ray  from  the  ntargin  tL 

and  that  from  the  centre  d\  and  to  ead 
undulation  constituting  the  group  00  thi 
left  there  will  be  a  corresponding  ofH 
among  the  groups  on  the  right,  which  jttil 
differs  from  it  by  half  an  undutaHon  ;  thi 
general  effect  will  be  that  the  group  on 
the  left  will  be  half  an  undulation  behind 
the  group  on  the  right,  and  both  arnvin| 
at  the  screen  in  opposite  phases  neutralisi 
each  other  and  produce  darkness. 

When  the  difference  between  the  p4^ 
of  the  marginal  undulations  is  equal  n 
half  a  wave-lengthy  a  partial  desinictiQl 
of  light  takes  place  ;  the  lumtooui  ioifciri 
sity  corresponding  to  this  obliqa^  m  | 
little  less  than  half  that  of  the  ttotifactitf; 
light.     If  the  marginal  distance 
and  a  half  undulations,  we  can,  •§ 
conceive   the  whole  f>enciJ  di^ 
three  parts,  of  which  two  will  neutralise  each  othcr^  and  the  thtid  \ 
be  effective.    There  will  be  a  luminous  band,  but  one  of  less  inteRtity.  Ife 
like  manner  where  the  marginal  undulations  differ  by  two  whole  w**^ 
lengths,  they  will  again  extinguish  each  other»  and  a  dark  band  wiB  bf  ^ 
result.     Thus  there  will  be  formed  a  series  of  alternate  dark  and  Ml^ 
bands  of  rapidly  diminishing  intensity.     In  general,  when  the  di0eitiiff«^ 
path  of  the  rays  prcMzeedlng  from  the  margin  of  the  slit  amounts  totf 
lengths,  n  being  any  whole  number,  we  have  a  dark  band,  and  «l 
amounts  to  iv  <i>  }  wave-lengths,  a  bright  band. 

The  phenomena  of  diffraction  produced  when  other  than  stimigfi! 
used  are  often  of  great  beauty.     They  have  been  more  particuUrfy 
by  Schwerdt,  and  the  whole  of  the  phenomena  are  in  exact  acconi 
the  undulatory  theory,  though  the  explanation  is  in  many  cases  » 
intricate.    The  theory  renders  it  possible  to  predict  the  nppe;:im 
any  particular  aperture  will  produce,  just  as  astronomy  er 
the  motions  of  the  heavenly  bodies.     Some  of  the  sim;v 
straight  lines,  triangles,  squares— may  be  cut  out  of  tinfoil  p 
and  apertures  of  any  form  may  be  produced  with  great  accut.*^  , 
on  glass  a  collodion  photograph  of  a  sheet  of  paper,  on  whkh  thr    - 
shapes  are  drawn  in  black. 

Looking  through  any  of  these  apertures  at  a  luminous  poinl,  we  *rf 
rounded  with  coloured  spectra  of  very  various  forms,  and  of  freai 
The  beautiful  colours  seen  on  looking  through  a  bird's  fbulltr  1^  1  \ 
source  of  light,  and  the  colours  of  striated  surfaces,  such  as  modi 
are  due  to  a  similar  cause.    A  beautiful  phenomenon  of  tht  aune 
aureole  observed  on  looking  at  a  candle  flame  through  lycop*^^ 
strewn  on  glass. 
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S4S.  SHfl^Micioa  Spectrtt. — The  most  important  of  these  fit^rcs  are  the 
Uf^  proper^  which  may  be  produced  by  arranging  a  series  of  fine  wires 
lUd  10  each  other,  or  by  careful  ruling  on  a  piece  of  smoked  glass,  or  by 
IOgra|ihic  reduction.  Nobert  has  made  such  gratings  by  ruHng  lines  on 
m,  with  a  diamond,  in  which  there  arc  no  less  than  13,000  lines  in  an  inch 
reaulth.  Eh-.  Stone  has  constructed  such  gratings  for  reflection,  by  ruling 
s  on  plates  of  nickel ;  this  metal  has  the  advantage  of  hardness,  non- 
Uity  to  tarnish,  and  great  reflecting  power. 

If  a  grating  be  used  instead  of  a  single  slit,  as  above  described,  the 
liOfncna  arc  in  general  the  same,  though  of  greater  brilliancy.  With 
legeocoui  light  and  such  a  grating,  there  is  seen,  on  each  side  of  the 
trml  bright  line,  a  series  of  sharply  defined  narrow  bands  and  lines  of 
li  gradtially  Increasing  in  breadth  and  diminishing  m  intensity  as  their 
from  the  central  line  increases.     If  white  light  be  used   the  while 
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^tn  in  \\\\xi  centrt,  and  on  each  side  of  it  a  sharply  defined  iso- 

'T  jrri  vvnii  the  violet  edges  inwards.     Next  to  this,  and  separated 

Lilt,  ml'  rvai.  is  on  each  side  a  somewhat  broader  but  similar  spectrum, 

Ihen   tullow  others  which   become  fainter  and   broader  and  overlap 

llie  brightness  and  sharpness  of  these  spectra  depend  on  the 

of  the  lines,  and  on  the  opacity  of  the  intermediate  space*     In 

ch  are  ruled  by  diamond  on  glass,  the  parts  scratched  represent 

pans. 

[objective   representation   the  image  of  a  slit  in  a  dark  shutter, 

hich  the  sunlight  enters,  is  focussed  by  means  of  a  convex  lens  ou 

at  a  dutance,  and  then  a  grating  is  placed  in  the  path  of  the  ray& 

produced  by  means  of  a  grating  are  known  a!>  inier/erenu  or 

^€cira,     \'ery  accurate  gratings  can  now  be  easily  and  dieaply 

by  foeans  of  photography,  and  their  use  for  scientihc  purposes  is 

arc  many  points  of  difference  between  these  spectra  and  those 
Iby  the  pHsm,  and  for  scientific  work  the  former  are  preferable, 
liction  spcctrutn  is  the  purer  the  greater  the  number  of  lines  in  the 
luvided  they  arc  equidistant  The  spectra  are,  however,  not  more 
Ibright  as  prismatic  spectra ;  and,  to  obtain  the  maximum  bright*^ 
que  intervals  should  be  as  opaque  and  the  transparent  ones 
{ as  possible* 
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N<m  tf^  the  differeoce  between  as  and  sc^  is  equal  to  the  length  of  an  undu- 
btion  of  this  particular  colour.  In  one  experiment  with  red  light  the  width 
of  tbe  slit  <t^  was  0*015  ^^^  ^^^  distance  rs  0*15  in.,  and  the  distance  of  the 

93  in.,  which  gave  ac^^^^^  ^^''^  0-000024  in.  as  the  wave-length 

of  red  tight  Using  blue  light  the  distance  of  rs  was  found  to  be  o'l,  which 
gives  OX7QOOI6. 

Knowing  the  length  of  the  undulations,  we  can  easily  calculate  their 

number  in  a  second,  /r,  from  the  fomiula  ii*^  (232),  where  v  is  the  velocity 

^f  hght.  Taking  this  at  186,000  miles,  we  get  for  the  red  corresponding  to 
mhe  dark  line  B  434,420,000,000,000  as  the  number  of  oscillations  in  a  second, 
1  for  the  H  in  the  violet  758,840,000,000,000  undulations. 
If,  instead  of  a  single  slit,  gratings  be  used,  we  have  the  possibility  of 
\  accurate  results,  for  the  contrast  is  greater,  and  thus  the  distance  is 
seasHy  determined.  The  width  of  the  slit  is  then  easily  calculated  if  we 
the  number  of  lines  in  a  given  space. 
6$cx  Ooloiirs  of  tltlii  plates.  ItewtoD's  rlnrs* — All  transparent  bodies, 
solkls,  liquids,  or  gases,  when  in  sufficiently  fine  laminae,  appear  coloured 
with  ver)*  bright  tints,  especially  by  reflection.  Crystals  which  cleave  easily, 
^mA  can  be  obtained  in  very  thin  plates,  such  as  mica  and  selenite,  show  this 
ftownnqion,  which  is  also  well  seen  in  soap-bubbles  and  in  the  layers  of  air 
in  cracks  in  glass  and  in  crystals.  A  drop  of  oil  spread  rapidly  over  a  large 
%kMBi  of  water  exhibits  all  the  colours  of  the  spectrum  in  a  constant  order. 
A  Map-bubble  appears  white  at  first,  but,  in  proportion  as  it  is  blown  out, 
MQittlt  iridescent  colours  appear,  especially  at  the  top,  where  it  is  thinnest 
f  colours  are  arranged  in  horizontal  zones  around  the  summit,  which 
\  black  when  there  is  not  thickness  enough  to  reflect  light,  and  the 
\  ih^o  suddenly  bursts. 
Kewtim,  who  first  studied  the  phenomena  of  the  coloured  rings  in  soap- 
boblilesy  wishing  to  investigate  the  relation  between  the  thickness  of  the 
piate^  the  colour  of 
flings,  and  their  extent, 
produced  them  by  means 
of  a  iaf  er  of  air  interposed 
bctvern  two  glasses,  one 
plaaa  and  the  other  con- 
f«iv  aiid  with  a  very  long  *  *«  5^9- 

focvi  (ig.  $69}.  The  two  surfaces  being  cleaned  and  exposed  to  ordinary 
liglit  01  front  of  a  window,  so  as  to  reflect  light,  there  is  seen  at  the  point  of 
ooatact  a  black  spot  surrounded  by  six  or  seven  coloured  rings,  the  tints  of 
wUdi  beCDime  gradually  less  strong.  I  f  the  glasses  are  viewed  by  transmitted 
%|tt,  tlie  centre  of  the  rings  is  white,  and  each  of  the  colours  is  exactly  com* 
fieanataqr  of  that  of  the  rings  by  reflection*  The  lens  and  the  glass  plate 
\  wmaaXkf  mnaskiSJoA  in  a  bniss  mount  which  by  means  of  three  screws  allowt 

rt  to  be  r^ulated 
i  Witll  hocaogeoeoni  light,  red  for  example,   the  rings  arc   successively 
^  aad  red  ;  the  diameters  of  corresponding  rings  are  less  as  the  colour 
!  refraai^blc,  but  with  white  light  the  rings  are  of  the  different  colours 
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of  the  spectrum,  which  arises  from  the  fact  that,  as  the  rings  of  thedifioeot 
simple  coloors  have  difierent  diameters,  they  are  not  exactly  superposed,  tat 
are  more  or  less  separated. 

It  is  usual  to  speak  of  the  successi^-e  rings  as  the  first,  secondl,  thin],  &c 
By  the  Jin/  ring  is  understood  that  of  least  diameter.  Knowing  the  ndins 
of  any  particular  ring,  p,  and  the  radius  of  curvature,  R,  of  the  lens,  the  thick- 
ness, df  of  the  corresponding  layer  of  air  is  gi\-en  approximately  by  the 
formula 

2R 

Newton  found  that  the  thicknesses  corresponding  to  the  successive  dtrt 

rings  are  proportional  to  the  numbers  o,  2,  4,  6 ,  while  for  the 

Mghi  rings  the  thicknesses  were  proportional  to  i,  3,  5 He  found 

that  for  the  first  bright  ring  the  thickaess  was  j^^^  of  an  inch,  when  the 
light  used  was  the  brightest  part  of  the  spectrum  ;  that  is,  the  part  on  the 
confines  of  the  orange  and  yellow  rays. 

If  the  focal  length  of  the  lens  is  from  three  to  four 
yards,  the  rings  can  be  seen  with  the  naked  eye ;  hut 
if  the  length  is  less,  the  rings  must  be  looked  it  with 
a  lens. 

651.  asp]aaatloBof««wtMi'sHiiva.—Nevtoo's 
rings,  and  all  phenomena  of  thin  plates,  are  simple 
cases  of  interference. 

In  fig.  570,  let  MNOP  represent  a  thin  plate  of  > 
transparent  body,  on  which  a  pencil  of  parallel  nyJ 
of  homogeneous  light,  ab^  impinges  :  this  wiD  be 
partially  reflected  in  the  direction  ^-,  and  partiaO)'  ff* 
fracted  towards  d.  But  the  refracted  ray  will  ondff- 
go  a  second  reflection  at  the  surface,  OP  ;  the  reflected  ray  will  emer^ge  at'i" 
the  same  direction  as  the  pencil  of  light  reflected  at  the  first  sur&ce ;  «nd 
consequently  the  two  pencils  be  and  ef  will  destroy  or  augment  each  odiers 
effect  according  as  they  are  in  the  saihe^oi/dlJrerenl)phase$.  We  shall  ihw 
have  an  effect  produced  similar  to  that  of  the  fringes. 
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POLARISATION   OF  UGHT. 

652.  PolaiisatloB  by  double  reftmetton.— It  has  been  already  seen  that 
when  a  ray  of  light  passes  through  a  crystal  of  Iceland  spar  (641),  it  becont* 
divided  into  two  rays  of  equal  intensity  ;  viz.  the  ordinary  ray,  and  the  «»• 
traordinary  ray.  These  rays  are  found  to  possess  other  peculiarities,  which 
are  expressed  by  saying  they  are  polarised  \  namely,  the  ordinary  ray  «* 
principal  plane,  and  the  extraordinar>'  ray  in  a  plane  at  right  anglts  to  * 
principal  plane.  The  phenomena  which  are  thus  designated  may  be  o^ 
scribed  as  follows  : — Suppose  a  ray  of  light  which  has  undergone  •''^*5[ 
refraction  in  a  crystal  of  Iceland  spar,  to  be  allowed  to  pass  through  a  secw 
crystal,  it  ^v^ll  generally  be  divided  into  two  rays  ;  namely,  oneoidinaiy,»*» 
the  other  extraordinary,  but  of  unequal  intensities.  If  the  second  ay«w 
be  turned  round  until  the  two  principal  planes  coincide — that  is,  until  the 
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I  crystals  arc  in  similar  or  in  opposite  positions — then  the  extraordinary  ray 
jidisappears,  and  the  ordinary  ray  is  at  its  g^reatest  intensity  ;  if  the  second 
|4ESrfSial  is  turned  farther  rounds  the  extraord]nar>'ray  reappears,  and  increases 
ininraBSity  as  the  angle  increases,  while  the  ordinary  ray  diminishes  in  in- 
pasitf  antil  the  principal  planes  are  at  right  angles  to  each  other,  when  the 
'inary  ray  is  at  its  greatest  intensity  and  the  ordinary  ray  vanishes. 
arc  the  phenomena  produced  when  the  ray  which  experienced  ordi- 
reinKtion  in  the  first  cr)'stal  passes  through  the  second.  If  the  ray 
icii  has  experienced  extraordinary  refraction  in  the  first  crystal  is  allowed 
pass  through  the  second  crystal  the  phenomena  are  similar  to  those  above 
but  when  the  principal  planes  coincide,  an  extraordinary  ray  alone 
irom  the  second  crystal,  and  when  the  planes  are  at  right  angles,  an 
itnaiy  ray  alone  emerges. 

Tliese  phenomena  may  also  be  thus  described  :— Let  O  and  £  denote 
ordtiiajy  and  extraordinary  rays  produced  by  the  first  crystal.  When 
enters  the  second  crystal,  it  generally  gives  rise  to  two  rays,  an  ordinaiy 
and  ao  extraordinary  {Ot\  of  imequal  intensities.  When  E  enters  the 
crystal,  it  likewise  gives  rise  to  two  rays,  viz.  an  ordinary  (E^^)  and 
nisaonlinary  (E^),  of  unequal  intensities,  the  intensities  varying  with 
pk  between  the  principal  planes  of  the  crystals.  When  the  principal 
coincide,  only  two  rays,  viz.  O^  and  E^,  emerge  from  the  second 
aod  when  the  planes  arc  at  right  angles,  only  two  rays,  viz,  Oe  and 
c»eis)e  from  the  second  crystal.  Since  O  gives  rise  to  an  ordinary  ray 
lllfl  prmcipal  planes  arc  parallel,  and  E  gives  rise  to  an  ordinary  ray 
they  are  at  right  angles,  it  is  manifest  that  O  is  related  to  the  principal 
in  ibi  same  manner  that  £  is  related  to  a  plane  at  right  angles  to  a 
plane. 
TWa  plienOinenoo,  which  is  produced  by  all  double- refracting  crystals, 
p»as  obaenred  by  Huygbens  m  Iceland  spar,  and  in  consequence  of  a 
of  Newton's  was  afterwards  called 
It  remained^  however,  an  isolated 
vitSl  tlie  discovery  of  polarisation  by  re- 
recalled  the  attention  of  physicists  to 
i^ct.  Hie  latter  discovery  was  made  by 
iiitSoS. 
653.  »plarlJ»tt»n  by  refleoUoo.— When 
I  ray  of  light*  ah  (fig.  571),  falls  on  a  polansed 
glass  stirface,  fg^^  inclined  to  it  at 
oif  55*  25',  it  is  reflected,  and  the 
sad  lay  is  polarised  in  the  plane  of  re- 
\i  it  were  transmitted  through  a 
Bvyml  dt  Iceland  spar,  it  would  pass  through 

and  undergo  an  ordinary    ^ 
the  principal  plune  coincides 
of  reflection  ;   it  would  also  be 
without   bifurcation,   but  tmdergo 
refraction,  when  the  pnnctpal  plane  is  at  right  angles  to  the 
of  rcAecttpn  ;  in  other  positions  of  the  crystal  it  would  give  rise  to  an 
WXiA  «n  extfacrdinary  ray  of  different  intensities,  according  to  the 
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angle  between  tlie  plme  oC  r«6ectkm  and  tlie  priM 
The  pccafiar  property  whidi  tiic  H^  has  nifiurf 
Cftce  Jj^  can  also  be  esiulittied  as  fioBiMn:— tct 
received  at  ^  oa  a  scoood  snriace  of  msflveml  c^ 
jS^ss'*  irtfaesiiAcesafepuaBel,Uiei^iafidB 
piflie  IS  caoHcd  to  tani  roond  dv  the  imeaakf  oTlhe 
dioriniihes,  and  whea  the  gla»  m&oa  aie  at  ijf^ 
j||^t  IS  leflectedi  By  oontnon^  to  iim  tte  nppB 
the  lefleLteJ  ray  gradoaBy  iacreaia^  and  attains  a 
svHhces  are  again  paiaPri 

The  abo^  statoneat  will  senre  io  describe  the 
Uon  by  refiectkm  so  £ir  as  the  ptiaciples  aie 
adapted  for  exhibiting  the  pbcnomeaon  vfll  be 

^54  Aaglaf  p«iart— iM 
aogle  which  the  iacideat  niy  laaslinake  wxA  die 
poished  soffiee  of  that  sobstaace  m  ordo^  that  the 
For  ^ass  this  asgle  is  54"*  35%  aad  if  in  the 
aunor  woe  iadined  at  any  other  aiigle  Ik 
completely  pobiised  ia  aay  positian ;  this 
pafftially  reflected  £roai  the  apper  sar£Ke  in  al 
Mid  10  be  partially  falariud.    The  pobrising 
kft^^^BoUtSf  3!^\  fordtaDKNid,6S';  andisss^joriDr 
vokaaic  ^ass  which  is  often  used  m  these  eapeiineai 

light  which  is  rejected  &om  the  sorfue  of  watei; 
a  polished  Ublc,  or  from  oil  paintings,  b  aH 
ordiaaiy  light  of  the  atmosphere  is  freqaeatly 
earlier  and  later  periods  of  the  day,  when  the  solar  tayi 
Ihe  atmosphere.    Almost  all  reflecting  sar&ces  any  be 
nwfon.    Metallic  suriaces  form,  however,  aa  hafieftaBt 

Biewster  has  discovered  the 
ta  the  polaiising  angle : — 

7%e  polarising  amgU  of  a  sutsiamct  tsikaim^gif  of 
ike  redded  polarised  ray  is  ai  rigki  amgias  ia  Mt  rwfmeiad  wmy, 

Thtis,ai%  573,  if  Jits  the 
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655.  Volart^attoo  by  sioffle  refirmotiaii,— When  an  unpolarised  lu- 
niliious  ray  Balls  upon  a  glass  plate  placed  at  the  polarising  angle,  one  part 
I§  reflected  ;  the  othci  part  becomes  refracted  in  passing  through  the  glass, 
and  the  transmitted  light  is  now  found  to  be  partiadly  polarised.  If  the  light 
which  has  piassed  through  one  plate,  and  whose  polarisation  is  very  feeble, 
be  transmitted  through  a  second  plate  parallel  to  the  firsts  the  effects  become 
more  marked,  and  by  ten  or  twelve  plates  are  tolerably  complete.  A  bundle 
of  such  plates,  for  which  the  best  material  is  the  glass  used  for  covering 
microscopic  objects,  fitted  in  a  tube  at  the  polarising  angle,  is  frequently 
Oicd  Usx  examining  or  producing  polarised  light. 

If  a  ray  of  light  fall  at  any  angle  on  a  transparent  medium,  the  same 
botds  good  with  a  slight  modification.  In  fact,  pari  of  the  light  is  reflected 
uA  part  refracted,  and  both  arc  found  to  be  partially  polarised^  equai  quan- 
Htkt  in  emck  Mng  polarised^  and  their  planes  of  polarisation  being  at  right 
m^k^ietach  other.  \\  is,  of  course,  to  be  understood  that  the  polarised 
\  of  the  reflected  light  is  polarised  in  the  plane  of  reflection,  which  is 
!  the  plane  of  refraction. 

VolarlsiBr  lofltnijiieiiti^ — Every  instrument  for  investigating  the 
fvoperties  of  polarised  light  consists  essentially  of  two  parts— one  for  polaris- 
\  the  li^ht,  the  other  for  ascertaining  or  exhibiting  the  fact  of  light  having 
I  polarisation.  The  former  part  is  called  the  polariser,  the  latter 
\  analyser.  Thus  in  art.  652  the  crystal  producing  the  first  refraction  is 
the  folariur^  that  producing  the  second  refraction  is  the  analyser.  In  art. 
655  the  mirror  at  which  the  first  reflection  takes  place  is  the  polariser,  that 
at  wfuch  the  second  reflection  takes  place  is  the  analyser  Some  of  the 
iDott  conveiiient  means  of  producing  polarised  light  will  now  be  described, 
mA  it  vrill  be  remarked  that  any  instrument  that  can  be  used  as  a  polariser 
\  ilao  be  ttsed  as  an  analyser,  The  experimenter  has  therefore  consider* 
\  Hherty  of  selection. 

657*  V«rr«mberr*»  •ppmratn*. — The  most  simple  but  complete  instru- 
neat  for  polarising  light  is  that  invented  by  Norremberg.  It  may  be  used 
%m  vepaaaog  most  of  the  experiments  on  polarised  light 

It  COOibts  of  two  brass  rods,  b  and  d  (fig,  573),  which  support  an  imsil- 
l  mirror,  n^  of  ordinary  glass,  movable  about  a  horizontal  axis.  A  small 
lied  circle  indicates  the  angle  of  inclination  of  the  mirror.  Between 
I  of  the  two  columns  there  is  a  silvered  glass,  /,  which  is  fixed  and 
iitaL  At  the  upper  end  of  the  columns  there  is  a  graduated  plate,  /, 
la  witicll  a  circular  disc,  0,  rotates*  This  disc,  in  which  there  is  a  square 
ip0ttff«i  f  appons  a  mirror  of  black  glass,  m^  which  is  inclined  to  the  vertical 
ai  fbe  polaroing  angle.  An  annular  disc,  ^,  can  be  fixed  at  diflerent  heights 
tamnfi  by  means  of  a  screw.  A  second  ring,  <i,  may  be  moved 
\  WL\%,  It  supports  a  black  screen,  in  the  centre  of  which  there  is 
'aperture. 

I  the  mirror  n  makes  with  the  vertical  an  angle  of  35^  35',  which  is 
tanent  of  the  polarising  angle  for  glass,  the  luminous  rays,  Sit, 
Mi  the  mirror  at  this  angle,  become  polarised,  and  are  reflected  m 
lioil  9^  towards  the  mirror/,  which  sends  them  in  the  direction  pnr, 
rtaf  paiied  through  the  glass,  jv,  the  polarised  ray  falls  upon  the 
gla^  m  under  an  angle  of  35^  15\  because  the  mirror  m^ces 
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The  objections  to  the  use  of  the  tourmaJine  are  that  it  is  not  very  trans- 
parent, and  that  plates  of  considerable  thickness  must  be  used  if  the  polarisa- 
tion b  to  be  complete.  For  unless  the  ordinary  ray  is  completely  absorbed 
the  emergent  light  will  be  only  partially  polarised* 

Herapath  discov-ered  that  sulphate  of  iodoquinine  has  the  property  of 
polarising  litfht  in  a  remarkable  degree.  Unfortunately,  it  is  a  very  fragile 
iJt,  and  difificuU  to  obtain  in  large  crystals. 
659.  B0«blft-roft»ettBff  prUm  «f  I«)el&ii4  sp^r. — When  a  ray  of  light 
through  an  ordinary  rhombohcdron  of  Iceland  spar,  the  ordinary  and 
cjftrmordinary  rays  emerge  parallel  to  the  original  ray,  consequently  the 
separation  of  the  rays  is  proportional  to  the  thickness  of  the  prism.  But  if 
the  crystal  is  cut  so  that  its  faces  are  inclined  to  each  other,  the  deviations 
[the  ordinary. and  extraordinary  rays  will  be  different,  they  will  not  emerge 
Jlel,  and  their  separation  will  be  greater  as  their  distance  from  the 
[  increases.  The  light,  however,  in  passing  through  the  prism  becomes 
decomposed,  and  the  rays  will  be  coloured.  It  is  therefore  necessary  to 
adn^nnatise  the  prism,  which  is  done  by  combining  it  with  a  prism  of 
ss  with  its  refracting  angle  turned  in  the  contrary  direction  (fig,  575).  In 
er  to  obtain  the  greatest  amount  of  divergence,  the  refracting  edges  of 
\  prism  should  be  cut  parallel  to  the  optic  axis,  and  this  is  always  done. 
Let  us  suppose  that  a  ray  of  polarised  light  passes  along 
the  uns  of  the  cylinder  (fig.  575),  and  let  us  suppose  that  the 
cyfindcr  1%  caused  to  turn  slowly  about  its  axis  ;  then  the 
iCtn^ng  phenomena  are  exactly  like  those  already  described 
(643),  Generally  there  will  be  an  ordinary  and  extraordinary 
twf  produced,  whose  relative  intensities  will  vary  as  the  tube 
if  turned.  But  in  two  opposite  positions  the  ordinary  ray 
alofie  win  emerge,  and  in  two  others  at  right  angles  to  the 
fertner  tJ>e  extraordinary  ray  will  alone  emerge.     When  the 

imy  alone  emerges,  the  principal  plane  of  the  crystal—that  is,  a 
:  right  angles  to  its  face,  and  parallel  to  its  refracting  edge^coincides 
( the  original  plane  of  polarisation  of  the  ray.     Consequently^  by  means 
\  priim,  it  can  be  ascertained  both  that  the  ray  b  polarised,  and  like- 
wise tite  plane  in  which  it  is  polarised. 

66a  Vleol*a  prUm.—The  Nicol's  prism  is  one  of  the  most  valuable 
mmmm  of  polarising  light,  for  it  is  perfectly  colourless,  it  polarises  light  com- 
fcfv.  iind  \\  transmits  only  one  beam  of  polarised  light,  the  other  being 
presied* 
^nsiructed  out  of  a  rhombohedroii  of  tceland  spar,  about  an  inch 
Bi  lieiglit  liid  }  of  an  inch  in  breadth.  This  is  bisected  in  the  plane  which 
piiiri  throngh  the  obtuse  angles  as  shown  in  Ag,  577  ;  that  is,  along  the 
ftene  ^hd  (fig,  563).  The  two  halves  are  then  again  joined  in  the  same 
nrdcf  by  means  of  Canada  balsam* 

The  principle  of  the  Nicol's  prism  is  this  : — The  refractive  index  of  Canada 
I  '549,  is  less  than  the  ordinary  index  of  Iceland  spar  1*654,  but  greater 

extraordinary  index  r483.     Hence,  when  a  luminous  ray  SC  (fig, 

^Sf^  tntCfi  the  prism,  the  ordinary  ray  is  totally  reflected  on  the  surface,  ab^ 
and  tyt«8  the  dirertiora  C*;^,  by  which  it  is  refrained  out  of  the  crystal, 
while  the  extraordinary  ray,  C/,  emerges  alone.     Since  the  NtcoPs  prism 
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allows  only  the  extraordinar>'  ray  to  pass,  it  may  be  used,  like  ai  tourmaltne^ 
as  an  analyser  or  as  a  polariser. 

Foucault  replaced  the  layer  of  Canada  balsam  by  one  of  air^  the  twp 
prisms  being  kept  together  by  the  mounting.  The  advantage  of  Ihb  is  that 
the  section  a^  (fig.  577)  need  not  be  so  acute,  so  that  the  prism  bectimcs 
shorter,  and  therefore  cheaper. 


Fig.  57^ 


Fig*  577- 


Ni col's  prism  is  the  most  important  feature  of  most  polarising  appanUitv 
It  is  better  than  the  polarising  mirror  on  accoimi  of  its  more  complete  polar- 
isation, and  has  the  advantage  over  tourmaline  of  giving  ^  colourless  fitid 
of  view^ 

661,  Flir*l<»l  tbeory  of  polartsed  Uciit* — The  explanation  of  the  darir 
bands  produced  by  the  interference  of  light  is  stated  in  art.  650  to  resenfak 
exactly  that  of  the  formation  of  nodes  and  loops  given  in  art  276. 

It  might  hence  be  supposed  that  the  vibrations  producing  light  areqttitt 
similar  to  those  producing  sound.  But  this  is  by  no  means  the  case.  Is 
fact,  no  assumption  is  made  in  art.  652  as  to  the  din^H^n  m  which  i^ 
vibrating  particles  move,  and  accordingly  the  explanation  is  equally  tnit 
whether  the  particles  vibrate  in  the  direction  AB,  BA,  or  at  right  aoglei  ^ 
AB.  As  a  matter  of  fact,  the  former  is  the  case  with  the  vibrations  produf 
ing  sound,  the  latter  with  the  vibrations  producing  lighL  tn  other  wor^ 
the  vibrations  producing  sound  take  place  in  the  direction  of  propacalki^t^ 
vibrations  producing  light  are  tranrifersal  to  the  direction  of  profpagatki> 

This  assumption  as  to  the  direction  of  the  vibration  of  the  partkies  ^ 
ether  producing  light  is  rendered  necessary,  and  is  justiiiedi  by  the  phtf*' 
mena  of  polarisation. 

When  a  ray  of  light  is  polarised,  all  the  particles  of  ether  la  dtft  if 
vibrate  tn  straight  lines  parallel  to  a  certain  direction  in  the  homt  id  ^ 
wave  corresponding  to  the  ray. 

When  a  ray  of  light  enters  a  double- refracting  medium,  such  as  fcelia^ 
spar,  it  becomes  divided  into  two,  as  we  have  already  seen.  Now  it  a»ie 
shown  to  be  in  strict  accordance  with  mechanical  principles  that,  if  a  nioli^' 
possesses  unequal  elastic'uy  in  different  directions,  a  plane  wsive  prodiicrf 
by  transversal  vibrations  entering  tliat  medium  will  give  rise  to  two  plus 
waves  moving  with  different  velocities  within  the  medium,  n;  rilto 

of  the  particles  in  front  of  these  waves  will  be  in  direction^  itspK^ 

ively  to  two  lines  at  right  angles  to  each  other.  If,  as  b  assumed  tl  tht 
undulatory  theory  of  light,  the  ether  exists  in  a  doubie-refracting  Cffitil  ■ 
such  a  state  of  unequal  elasticity,  then  the  two  plane  waves  will  be  foca** 
as  above  described,  and  these,  having  different  vckKritiev  will  gtvt  iffli  •> 
two  rays  of  unequal  refrangibility  (638)*  This  is  the  physical  aCP«ff* 
of  the  phenomenon  of  double  refraction.     It  will  be  remarked  thit  ^ 
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vibfatiofis  corresponding  to  the  two  rays  are  transversa^  rectilinear,  and 
tn  directions  perpendicular  to  each  other  in  the  rays  respectively.  Accord- 
ingly the  same  theory  accounts  for  the  fact  that  the  two  rays  are  both 
polarised,  and  in  planes  at  right  angles  to  each  other. 

ft  is  a  point  still  unsettled  whether,  when  a  ray  of  light  is  potarised  with 
I  respect  to  a  given  plane,  the  vibrations  take  place  in  directions  within 
I  perpendicular  to  that  plane.  Fresnel  was  of  the  latter  opinion.  It  is,  how* 
•ever,  coQvenient  in  some  cases  to  regard  the  plane  of  polarisation  as  that 
ipkuie  in  which  the  vibrations  take  place. 


' 
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662.  &«WB  of  tile  Uiterfereoee  of  polmrlBed  r»7». — Afler  the  discovery 
of  polarisation,  Fresnel  and  Arago  tried  whether  polarised  rays  presented 
the  same  phenomena  of  interference  as  ordinary  rays.  They  were  thus  led 
to  the  discovery  of  the  following  laws  in  reference  to  the  interference  of 
polarised  light,  and,  at  the  same  time,  of  the  brilliant  phenomena  of  colora* 
tioci,  which  will  be  presently  described  :— 

I.  When  two  rays  polarised  in  the  sanie  plane  interfere  with  each  other, 
Ihex  produce,  by  their  interference,  fringes  of  the  very  same  kind  as  if  the|fJ 
«  cooamon  light 

IK  When  two  rays  of  light  arc  polarised  at  right  angles  to  each  other  J 
fjb/t?f  produce  no  coloured  fringes  in  the  same  circumstances  under  whidLl 
nys  of  common  light  would  produce  them.     When  the  rays  are 
isi  planes  inclined  to  each  other  at  any  other  angles,  they  produc 
of  intermediate  brightness  ;  and,  if  the  angle  is  made  to  change,  thftl 
gradually  decrease  in  brightness   from  0°  to  90^^,  and  are  totally 
pifaliSeratcd  at  the  latter  angle. 

III.  Two  rays  originally  polarised  in  planes  at  right  angles  to  each  other 
pnay  be  subsequently  brought  into  the  same  plane  of  polarisation  without 
^Gqtsiring  the  pc»wcr  of  forming  fringes  by  their  interference, 

IV.  Two  rays  polarised  at  right  angles  to  each  other,  and  afterwards 
jbtiwifht  into  the  s^mic  plane  of  polarisation,  produce  fringes  by  their  inter- 
ference like  rays  of  common  light,  provided  they  originated  in  a  pencil  the 
irtiole  of  whic  h  was  originally  polarised  in  any  one  plane. 

V*.  In  the  phenomena  of  interference  produced  by  rays  that  have  suffered 
lEnble  refi action,  a  difference  of  half  an  undulation  must  be  allowed,  as  one 
If  tile  peorils  is  retarded  by  that  quantity,  from  some  unknown  cause. 

663.  afloet  produced  bj-  caoslnf  k  ponell  of  polarised  ra^s  to  tra* 
mm  m  4#«Wo-refrmotlnr  cryvtal. — The  following  important  experiment 

Knay  be  made  mo!>t  convenieritly  by  Norremberg's  apparatus  (fig,  573).  At 
r(%-  574)  there  is  a  Niculs  prism.  A  plate  of  a  double-refracting  crystal 
piiallel  to  its  axis  is  pUced  on  the  disc  at  c.  In  the  Itrst  place,  however, 
m  the  plate  of  the  crysul  to  be  removed.  Then,  since  the  Nicol'a 
allowB  oaly  the  extraordinary  ray  to  pass  when  it  is  turned  so  that  it 
iriocip4il  pbnc  coincides  with  the  plane  of  reflection,  no  light  will  be  trans^l 
UQed  (660).  Place  the  plate  of  doubly  refracting  crystal,  which  is  supposed  / 
d  be  ol*  oiodcrate  thickness,  in  the  path  of  the  reflected  ray  at  /.     Light  is 
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now  transmitted  through  the  Nicol's  prism.  On  turning  the  plate,  the 
intensity  of  the  transmitted  light  varies  ;  it  reaches  its  maximum  when  the 
principal  plane  of  the  plate  is  inclined  at  an  angle  of  45^  to  the  plane  of 
reflection,  and  disappears  when  these  planes  either  coincide  with  or  are  at 
right  angles  to  each  other.  The  light  in  this  case  is  white.  The  interposed 
plate  may  be  called  the  depolarising  plate.  The  same  or  equivalent  phe- 
nomena are  produced  when  any  other  analyser  is  used.  Thus,  assume  the 
double-refracting  prism  to  be  used.  Suppose  the  depolarising  plate  to  be 
removed.  Then,  generally,  two  rays  are  transmitted ;  but  if  the  principal 
plane  of  the  analyser  is  tiimed  in  the  plane  of  primitive  polarisation,  the 
ordinary  ray  only  is  transmitted,  and  then,  when  turned  through  90^,  the 
extraordinary  ray  only  is  transmitted.  Let  the  analyser  be  turned  into 
the  former  position,  then,  when  the  depolarising  plate  is  interposed,  both 
ordinary  and  extraordinary  rays  are  seen,  and  when  the  depolarising  plate 
is  slowly  turned  round,  the  ordinary  and  extraordinary  rays  are  seen  to  vaiy 
in  intensity,  the  latter  vanishing  when  the  principal  plane  of  the  polarising 
plate  either  coincides  with,  or  is  at  right  angles  to,  the  plane  of  primitive 
polarisation. 

664.  Bffeot  prodnoed  wlieii  the  plate  of  orjslal  is  tsit  XUm. — In 
order  to  exhibit  this,  take  a  thin  film  of  selenite  or  mica  between  the  twen- 
tieth and  sixtieth  of  an  inch  thick,  and  interpose  it  as  in  the  last  artide.    If 
the  thickness  of  the  film  is  uniform,  the  light  now  transmitted  through  the 
analyser  will  be  no  longer  white,  but  of  a  uniform  tint ;  the  colour  of  the 
tint  being  different  for  different  thicknesses — for  instance,  red,  or  green,  or 
blue,  or  yellow,  according  to  the  thickness  ;  the  intensity  of  the  colour  de- 
pending on  the  inclination  of  the  principal  plane  of  the  film  to  the  plane  of 
reflection,  being  greatest  when  the  angle  of  inclination  is  45**.     Let  us  now 
suppose  the  crystalline  film  to  be  fixed  in  that  position  in  which  the  light  ti 
brightest,  and  suppose  its  colour  to  be  red.     Let  the  analyser  (the  NicoTs 
prism)  be  turned  round,  the  colour  will  grow  fainter,  and  when  it  has  been 
turned  through  45°,  the  colour  disappears,  and  no  light  is  transmitted ;  on 
turning  it  further,  the  complementary  colour,  greeriy  makes  its  appearance, 
and  increases  in  intensity  until  the  analyser  has  been  turned  through  (f^\ 
after  which  the  intensity  diminishes  until  an  angle  of  135°  is  attained,  when 
the  light  again  vanishes,  and,  on  increasing  the  angle,  it  changes  again  into 
red.     Whatever  be  the  colour  proper  to  the  plate,  the  same  series  of  pheno- 
mena will  be  observed,  the  colour  passing  into  its  complementary  when  ihc 
analyser  is  turned.     That  the  colours  are  really  complementary  is  prtntd 
by  using  a  double-refracting  prism  as  analyser.     In  this  case  ivfo  ra)-s  aie 
transmitted,  each  of  which  goes  through  the  same  changes  of  colour  and  in- 
tensity as  the  single  ray  described  above  ;  but  whatever  be  the  cokwr  and 
intensity  of  the  one  ray  in  a  given  position,  the  other  ray  will  ha>'e  the  same 
when  the  analyser  has  been  turned  through  an  angle  of  90**.     Consequently, 
these  two  rays  give  simultaneously  the  appearances  which  are  successi\"ely 
presented  in  the  above  case  by  the  same  ray  at  an  inter\'al  of  90®.    If  no* 
the  two  rays  are  allowed  to   overlap,  they  produce  white  light ;  therein'       ^ 
proving  their  colours  to  be  complementary.  \ 

Instead  of  using  plates  of  different  thicknesses  to  produce  different  tints, 
the  same  plate  may  be  employed  inclined  at  different  angles  to  the  polarised 
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ray.    This  causes  the  ray  to  traverse  the  film  obh'quely,  and,  in  fact,  amounts 
to  an  alteration  in  its  thickness. 

With  the  same  substance,  but  with  plates  of  increasing  thickness,  the 
tints  follow  the  laws  of  the  colours  of  Newton's  rings  (650).  The  thickness 
of  the  depolarising  plate  must,  however,  be  different  from  that  of  the  layer  of 
air  in  the  case  of  Newton's  rings  to  produce  corresponding  colours.  Thus 
corresponding  colours  are  produced  by  a  plate  of  mica  and  a  layer  of  air 
when  the  thickness  of  the  former  is  about  400  times  that  of  the  latter.  In 
the  case  of  selenite  the  thickness  is  about  230  times,  and  in  the  case  of  Ice- 
land spar  about  13  times,  that  of  the  corresponding  layer  of  air. 

665.  Tbemrj  of  tbe  pbenomena  of  depolarisatton. — The  phenomena 
described  in  the  last  articles  admit  of  complete  explanation  by  the  undulatory 
theory,  but  not  without  the  aid  of  abstruse  mathematical  calculations.  What 
follows  will  show  the  nature  of  the  explanation.  Let  us  suppose,  for  con- 
venience, that  in  the  case  of  a  polarised  ray  the  particles  of  ether  vibrate 
in  the  plain  of  polarisation  (661),  and  that  the  analyser  is  a  double  refract- 
ing prism,  with  its  principal  plane  in  the  plane  of  primitive  polarisation  ; 
then  the  vibrations,  being  wholly  in  that  plane,  have  no  resolved  part  in 
a  plane  at  right  angles  to  it,  and,  consequently,  no  extraordinary  ray  passes 
through  the  analyser  ;  in  other  words,  only  an  ordinary  ray  passes.  Now 
take  the  depolarising  plane  cut  parallel  to  the  axis,  and  let  it  be  interposed 
in  such  a  manner  that  its  principal  plane  makes  any  angle  {&)  with  the  plane 
of  primitive  polarisation.  The  effect  of  this  will  be  to  cause  the  vibrations 
of  the  primitive  ray  to  be  resolved  in  the  principal  plane  and  at  right  angles 
to  the  principal  plane,  thereby  giving  rise  to  an  ordinary  ray  (O;,  and  an  cx- 
traordinar)'  ray  (E),  which,  however,  do  not  become  separated  on  account  of 
the  thinness  of  the  depolarising  plate.  They  will  not  form  a  single  plane 
polarised  ray  on  leaving  the  plate,  since  they  are  unequally  retarded  in  pass- 
ing through  it,  and  consequently  leave  it  in  different  phases.  Since  neither 
fif  the  planes  of  polarisation  of  O  and  E  coincides  with  the  principal  plane 
of  the  analyser,  the  vibrations  composing  them  will  again  be  resolved — viz. 
0  gives  rise  to  O^  and  Oe  and  E  gives  rise  to  E<7  and  E^.  But  the  vibra- 
tions composing  Oo  and  E/?,  being  in  the  same  phase,  give  rise  to  a  single 
•rtdinar>'  ray,  Ir?,  and  in  like  manner  Oe  and  E^  give  rise  to  a  single  extra- 
ordinary ray,  \e.  Thus  the  interposition  of  the  depolarising  plate  restores 
the  extraordinary  ray. 

Suppose  the  angle  ^  to  be  either  0°  or  90°.  In  either  case  the  vibrations 
iirc  transmitted  through  the  depolarising  plate  without  resolution,  conse- 
quently the>'  remain  wholly  in  the  plane  of  primitive  polarisation,  and  on 
entering  the  analyser  cannot  give  rise  to  an  extraordinary  ray. 

If  the  NicoVs  prism  is  used  as  an  analyser,  the  ordinary  ray  is  suppressed 
by  mechanical  means.  Consequently  only  \c  will  pass  through  the  prism, 
and  that  for  all  values  of  B  except  0°  and  90^ 

A  little  consideration  will  show  that  the  joint  intensities  of  all  the  rays 
ousting  at  any  stage  of  the  above  transformations  must  continue  constant, 
■>jt  that  the  intensities  of  the  individual  rays  will  depend  on  the  magnitude 
of  B  ;  and  when  this  circumstance  is  examined  in  detail,  it  explains  the  fact 
that  I^ increases  in  intensity  as  ^increases  from  0°  to  45°, and  then  decreases 
\n  intensity  as  B  increases  from  45''  to  90°. 
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In  regard  to  the  colour  of  the  rays,  it  is  to  be  observed  that  til 
for  the  intensities  of  lo  and  le  contain  a  term  depending  on  the 
wave  and  the  thickness  of  the  plate.  Consequently,  when  white  1| 
the  relative  intensities  of  its  component  colours  arc  changed,  and| 
lo  and  le  will  each  have  a  prevailing  tint,  which  will  be  different 
thicknesses  of  the  plate.  The  tints  will,  however,  be  complem< 
the  joint  intensities  of  \o  and  le  being  the  same  as  that  of  the 
they  will,  when  superimposed,  restore  all  the  components  of  i 
original  intensities,  and  therefore  produce  white  light. 

666.   Coloared  rinrs   produced   bjr    polarised   liylit 
double  reftmotliir  films. — In  the  experiments  with  Norreml 
which  have  just  been  described  (663),  a  pencil  of  parallel  rays 
film  of  crystal  perpendicularly  to  its  faces,  and  as  all  parts  of 
the  same  manner,  there  is  everywhere  the  same  tint.   But  when 
rays  traverse  the  plate  under  different  obliquities,  which  comes 
thing  as  if  they  traversed  plates  differing  in  thickness,  col 
formed  similar  to  Newton's  rings. 

The  best  method  of  observing  these  new  phenomena  is  by 
tourmaline  pincette  (fig.  578).     This  is  a  small  instrument  coi 
tourmalines,  cut  parallel  to  the  axis,  each  of  them  being  fitted 
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Fig.  578. 


disc.     These  two  discs,  which  are  perforated  in  the  centre,  an 
are  mounted  in  two  rings  of  silvered  copper,  which  is  coiled,  j 
the  figure,  so  as  to  form  a  spring,  and  press  together  the  tour 
tourmalines  turn  with  the  disc,   and  may  be  so  arranged  that 
either  perpendicular  or  parallel. 

The  crystal  to  be  experimented  upon,  being  fixed  in  the  < 
disc,  is  placed  between  the  two  tourmalines,  and  the  pincette  i 
the  eye  so  as  to  view  diffused  light.     The  tourmaline  farthest] 
acts  as  polariser  and  the  other  as  analyser.     If  the  crystal  \~ 
uniaxial,  and  cut  perpendicularly  to  the  axis,  and  a  homo 
red  for  instance  — is  looked  at,  a  series  of  alternately  daric 
is  seen.     With  another  simple  colour  similar  rings  are  obt 
diameter  decreases  with  the  refrangibility  of  the  colour, 
hand,  the  diameters  of  the  rings  diminish  when  the  thickncstj 
increases,  and  beyond  a   certain   thickness   no  more  rings 
If,  instead  of  illuminating  the  rings  by  homogeneous  light, 
used,  as  the  rings  of  the  diflTcrcnt  colours  produced  have  not  \ 
meter,  they  are  partially  superposed,  and  produce  ver>'  briUu 
coloui-s. 

The  position  of  the  cr>stal  has  no  influence  on  the  rings, I 
the  case  with  the  relative  position  of  the  two   tourmalines, 
in  experimenting  on  Iceland  spar  cut  perixindicular  to  the  axi 
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to  20  millimetres  in  thickness,  when  the  axes  of  the  tourmalines  are  perpen* 
dicttlar,  a  beautiful  series  of  rings  is  seen,  brilliantly  colouredi  and  traversed 
by  a  black  cross,  as  shown  in  tig.  i»  Plate  II.  If  the  axes  of  the  tourmalines 
are  parallel,  the  rings  have  tints  complementary  to  those  they  had  at  first, 
and  there  is  a  white  cross  (fig.  2,  Plate  H.)  instead  of  a  black  one. 

Id  order  to  understand  the  formation  of  these  rings  when  polarised  light 

traverses  double -refracting  films,  it  must  first  be  premised  that  these  films 

are  traversed  by  a  converging  conical  pencil,  whose  summit  is  the  eye  of  the 

observer.     Hence  it  follows  that  the  virtual  thickness  of  the  film  which  the 

rays   traverse  increases  with  their  divergence ;   but  for  rays  of  the  same 

obliquity  this  thickness  is  the  same  ;  hence  there  result  different  degrees  of 

retardation  of  the  ordinary  with  respect  to  the  extraordinary  ray  at  different 

points  of  the  plate,  and  consequently  different  colours  are  produced  at 

difierent  distances  from  the  axis,  but  the  same  colours  will  be  produced  at 

the  same  distance  from  the  axis,  and  consequently  the  colours  are  arranged 

in  circles  round  the  axis.    The  arms  of  the  black  cross  are  parallel  to  the 

OfHic  axis  of  each  of  the  tourmalines,  and  are  due  to  an  absorption  of  the 

I  light  in  these  directions.    When  the  tourmalines  are  parallel  the 

»n»  are  transmitted,  and  hence  the  while  cross. 

^Analogous  effects  are  produced  with  all  uniaxial  crystals ;  for  instance, 

Snc^  emerald,  sapphire,  beryl,  mica,  pjTomorphite,  and  ferrocyanide 

sium. 

[667.  Mac*  In  biaxial  orjrstsU.— In  biaxial  cr>stals,  coloured  rings  are 

•  prodoced,  but  ihcir  foi-m  is  more  complicated.     The  coloured  bands, 

tiaiead  of  being  circular  and  concentric,  have  the  form  of  curves,  with  two 

Daib^%  the  centre  of  each  system  corresponding  to  an  axis  of  the  crystaL 

Flgi,  4,  5,  and  6,  Plate  II,,  represent  the  curves  seen  when  a  plate  of  either 

Ccnodte,  topaz,  or  nitre,  cut  perpendicularly  to  the  axis,  is  placed  between 

tile  two  tourmalines,  the  phme  containing  the  axis  of  the  crystal  being  in  the 

pboe  of  primitive  polarisation.     When  the  axes  of  the  two  tourmalines  are 

It  fjgihl  iknglcs  to  each  other,  fig.  4,  Plate  I L,  is  obtained.     On  turning  the 

oyitil  without  altering  the  tourmalines,  5g,    5,  Plate  IL,  is   seen,   which 

f^Mifri  into  fig.  6,  IHate  II.,  when  the  crystal  has  been  turned  through  45^ 

Jf  the  axr:*  of  the  tourmalines  arc  parallel,  the  same  coloured  curv^es  are 

ctomed,  but  the  colours  are  complementary,  and  the  black  cross  changes 

hta  wlijte.    The  angle  of  tlic  optic  axis  in  the  case  of  nitre  is  only  5°  20', 

M  hence  t^e  whole  system  can  be  seen  at  once.    But  when  the  angle  exceeds 

^  W>  il**,  the  two  systems  of  cur\'es  cannot  be  simultaneously  seen.     There 

I  only  otic  dark  bar  tnrtead  of  the  cross,  and  the  bands  are  not  oval| 

I  dfCtUar.     Fig.  j,  Plate  11.,  represents   the  phenomenon  as  seen  with 


Herschel,  who  carefully  measured  the  rings  produced  by  biaxial 

referred  them  to  the  kind  of  curve  known  in  geometry  as  the  lent' 

in  sirict  accordance  with  the  principles  of  the  undulatory  theory  of 

The  ob^erratiott  of  the  system  of  rings  which  plates  of  crysuds  ^ve  in 
Bght  presents  a  means  of  distinguishing  between  optical  uniaxial 
i  biaxial  crystals,  even  in  cases  in  which  no  cnnctusion  can  H^ 
L  as  to  the  syHem  in  which  a  mineral  crystallises  from  mere  morp 
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logical  reasons.  In  this  way  the  optical  investigation  becomes  a  valuable 
aid  in  mineralogy  \  as,  for  example^  in  the  case  of  mica,  of  which  there  arc 
two  mineralogical  species,  the  uniaxial  and  the  biaxial. 

All  the  phenomena  which  have  been  described  arc  only  obtained  by 
means  of  polarised  light.  Hence,  a  double  refracting  film,  with  cither  a 
Kical's  prism  or  a  tourmaline  as  analyser,  may  be  used  to  distinguish  between 
polarised  and  unpolariscd  light ;  that  is,  as  a  polariscope. 

66S.  Colour*  yrodaoed  ttj  compreosod  or  by  miaaiieKled  crimos. — 
Ordinarj'  glass  is  not  endowed  with  the  power  of  double  refraction,      it 
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acquires  this  propertyi  however,  if  by  any  cause  its  elasticity  beeom^ 
more  modified  in  one  direction  than  in  another.  In  order  to  effisci  tM%^ 
it  may  be  strongly  compressed  in  a  given  direction,  or  it  may  be 
or  tempered  ;  that  is  to  say,  cooled  after  having  been  heated.  \i  ^ 
glass  is  then  traversed  by  a  beam  of  polarised  light,  effects  of  coMrH^ 
obtained  which  are  entirely  analogous  to  those  described  in  the  < 
doubly  refracting  crystals.  They  are,  however,  susceptible  of  far  \ 
varict>*,  according  as  the  plates  of  glass  have  a  circular,  square,  1 
Ur,  or  triangular  shape,  and  according  to  the  degree  of  tension  of  < 
particles. 

When  the  pola riser  is  a  mirror  of  black  glass ,  on  which  the  Ughl  of  < 
sky  is  incident,  and  the  analyser  is  a  Nicolas  prism,  throofli 
glass  plates  traversed  by  pt^larised  light  are  viewed,  HgB>  579^  580^  ! 
represent  the  appearances  presented  successively,  when  a  u 
of  compressed  glass  is  turned  in  its  own  plane ;  figs*  581  sail  5S4 
present  the  appearances  produced  by  a  circular  pUte  uader  tfce  f* 
circmnsU'inccs  ;  and  fig,  583  that  produced  when  one  rectaiHpdar  jjl^  ^ 
superposed  on  another*  This  figure  also  varies  when  the  syitem  rf  pl^ 
h  runicd 
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EtLimCAL,  CIRCULAR,   AND   ROTATORY  POLARISATION, 

669^  Hefinttlon  of  eUlptloat  ajid  oircalar  polarisation* — tn  the  cases 
hitbart'  cd,  the  particles  of  ether  composing  a  polarised  ray  vibrate 

in  ptfitJ  nt  tines  ;   to  distinguish  this  case  from  those  wc  are  now  to 

comidrr  inch  iiKht  is  frequently  called  plane  polarised  light  It  sometimes 
\  that  the  particles  of  eihcr  describe  ellipses  about  their  positions  of 
,  the  planes  of  the  ellipses  being  perpendicular  to  the  direction  of  the 
W  tbt  axes  of  these  ellipses  arc  equal  and  parallel,  the  ray  is  said  to  be 
tliipHc^y  polarised.  In  this  ease  the  particles  which,  when  at  rest,  occu- 
pied a  straight  line,  are,  when  in  motion,  arrangtsd  in  a  helix  round  the  line 
oC  ihciT  original  position  as  an  axis,  the  helix  exchanging  from  instant  to 
inscant.  If  the  axes  of  the  ellipses  are  equal,  they  become  circles,  and  the 
li^l  is  said  to  be  drcularly  polarised.  If  the  minor  axes  become  zero,  the 
""  I  coincide  with  their  major  axes,  and  the  light  becomes  plane  polarised, 
^^y^  plane  polarised  light  and  circularly  polarised  light  are  parti* 
i  of  elliptical ly  polarised  light. 
670*  VliaofT  of  tl&o  ortffin  of  oUlptical  and  oti-eular  polarisatloii. — 
Let  OS  tn  the  ttrst  place  consider  a  simple  pendulum  (55)  vibrating  in  any 
,  the  arc  of  vibration  being  small.  Suppose  that,  when  in  its  lowest 
,  It  received  a  blow  in  a  direction  at  right  angles  to  the  direction  of 
,  such  as  would  make  it  vibrate  in  an  arc  at  right  angles  to  its 
ifC  of  primitive  vibration,  it  follows  from  the  law  of  the  composition  of 
velocities  (52)  that  the  joint  effect  will  be  to  make  it  vibrate  in  an  arc  inclined 
at  a  certain  angle  to  the  arc  of  primitive  vibration^  the  magnitude  of  the 
jiaglc  df"'**^'^''^"  on  the  magnitude  of  the  blow.  If  the  blow  communicated 
4  ireloc  to  that  with  which  the  body  is  already  moving,  the  angle 

iroold  be  4}  .     Next  suppose  the  blow  to  communicate  an  equal  velocity, 
hot  to  be  Binick  when  the  Ijody  is  at  its  highest  point,  this  will  cause  the 
i  pftftlcle  to  fSesoibc  a  circle,  and  to  move  as  a  conical  pendulum.      If  the 
'  is  itfiiek  itnder  any  other  circumstances,  the  particle  will  describe  an 
Now  as  the  two  blows  would  produce  separately  two  simple  vibra- 
;bl  directions  at  right  angles  to  each  other,  we   may  stale  the  result 
at  as  follows  :— If  two  rectilinear  vibrations  arc  sufKrrinduced   on 
lamr  pnrticle  in  directions  at  right  angles  to  each  other*  then :    1.  If 
same  or  opposite  phases,  they  make  the  point  describe  a 
ijon  in  a  direction  inclined  at  a  certain  angle  to  either  of 
vibrations.      2.  But  if  their  phases  differ  by  90'' or  a  quarter 
...  ..A^y  the  particle  will  dcsrrilx?  a  circle,  provided  the  vibrations  arc 
3.  Under  other  circumstances  the  particle  will  describe  an  elllpsr, 
apply  this  to  the  case  of  {xilarised  light*     Suppose  two  rays  of  light 
in  perpendicular   planes  to  coincide,  each  would  separately  cau«e 
|Mj1icles  to  vibrate  in  perpendicular  directions.      (^Qf^^r-  ■  "  -  *»v^ 
If  lli«  vibrations  are  in  the  same  or  opposite  phases,  the  light  r  <  >m 

]lwo  rays  is  plane  polarised.     2.  If  the  rays  are  of  equal  int*  ri^iiy,  and 
phaiaes  differ  by  9C^,  the  resuhing  light  is  circularly  polarised*    3,  Under 
rtfcimistiijices  the  light  is  elhptically  polarised. 
V  all  enniplc  if  reference  is  made  to  arts^  665  and  666,  it  will  be  «een 
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that  the  rays  denoted  by  O  and  £  are  superimposed  in  the  manner  above 
described.  Consequently,  the  light  which  leaves  the  depolarising  plate  is 
elliptically  polarised.  If,  however,  the  principal  plane  of  the  depolarising 
plate  is  turned  so  as  to  make  an  angle  of  45°  with  the  plane  of  primitive 
polarisation,  O  and  E  have  equal  intensities ;  and  if,  further,  the  plate  is 
made  of  a  certain  thickness,  so  that  the  phases  of  O  and  £  may  differ  by 
90%  or  by  a  quarter  of  a  vibration,  the  light  which  emerges  from  the  plate  is 
circularly  polarised.  This  method  may  be  employed  to  produce  circularly 
polarised  light 

Circular  or  elliptical  polarisation  may  be  either  right-handed  or  Uft- 
handedy  or  what  is  sometimes  called  dextrogyrate  and  Ictvogyrate,  If  the  ob- 
server looks  along  the  ray  in  the  direction  of  propagation,  from  polariser 
to  analyser,  then,  if  the  particles  move  in  the  same  direction  as  the  hands 
of  a  watch  with  its  face  to  the  observer,  the  polarisation  is  right-handed. 

671.  Vresnel's  rbomb. — This  is  a  means  of  obtaining  circularly  polarised 
light.  We  have  just  seen  (670)  that,  to  obtain  a  ray  of  circularly  polarised 
light,  it  is  sufficient  to  decompose  a  ray  of  plane  polarised  light  in  such 
a  manner  as  to  produce  two  rays  of  light  of  equal  intensit>'  polarised 
in  planes  at  right  angles  to  each  other,  and  differing  in  their  paths  by  a 
quarter  of  an  undulation.  Fresnel  effected  this  by  means  of  a  rhomb  which 
has  received  his  name.  It  is  made  of  glass  ;  its  acute  angle  is  54%  and  its 
obtuse  126°.  If  a  ray  (a,  fig.  585)  of  plain  polarised  light  falls  perpendicu- 
larly on  the  face  AB,  it  will  undergo  two  total  internal  reflections  at  an  angle 
of  about  54°,  one  at  E,  and  the  other  at  F,  and  will  emerge  perpendicularly. 

If  the  plane  ABCD  be  inclined  at  an  angle  of 
45°  to  the  plane  of  polarisation,  the  polarised  ray 
will  be  divided  into  two  coincident  rays,  with  their 
planes  of  polarisation  at  right  angles  to  each  other, 
and  it  appears  that  one  of  them  loses  exactly  a 
quarter  of  an  undulation,  so  that  on  emerging  from 
the  rhomb  the  ray  is  circularly  polarised.  If  the  ray 
emerging  as  above  from  Fresnel's  rhomb  is  ex- 
amined, it  will  be  found  to  differ  from  plane  polarised 
light  in  this,  that,  when  it  passes  through  a  double 
refracting  prism,  the  ordinar>'  and  extraordinar>' 
rays  are  of  equal  intensity  in  all  positions  of  the 
prism.  Moreover,  it  differs  from  ordinar>-  light  in 
this,  that,  if  it  passed  through  a  second  rhomb  placttl 
parallel  to  the  first,  a  second  quarter  of  an  undulation  will  be  lost,  so  that 
the  parts  of  the  original  plane  polarised  ray  will  differ  by  half  an  undulation, 
and  the  emergent  ray  will  be  plane  polarised  ;  moreover  the  plane  of  polar- 
isation will  be  inclined  at  an  angle  of  45°  to  ABCD,  but  on  the  othft  siJ^ 
from  the  plane  of  primitive  polarisation. 

672.  BlUptloal  polarisation.- -In  addition  to  the  method  already  men- 
tioned (671),  elliptically  polarised  light  is  generally  obtained  whenever  pto 
polarised  light  suffers  reflection.  Polarised  light  reflected  from  metab 
becomes  elliptically  polarised,  the  degree  of  ellipticity  depending  on  the  direc- 
tion of  the  incident  ray,  and  of  its  plane  of  polarisation,  as  well  as  on  the  nature 

'  the  reflecting  substance.     When  reflected  from  silver,  the  polarisation  li 
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^#toost  rircular,  and  from  galena  almost  plane*    If  clliptically  polarised  light  1 
Jyscd  by  the  NicoVs  prism^  it  never  vanishes,  though  at  alternate  positioti 
becomes  f^iintcr  ;  it  is  thus  distinguished  from  plane  and  from  circula 
olaroed  light     If  analysed  by  Iceland  spar  neither  image  disappears,  bu 
•  they  tindefgo  changes  in  intensity. 

Light  can  also  be  polarised  clliptically  in  Frcsne^s  rhomb.  If  the  angled 
between  the  planes  of  primitive  polarisation  and  of  incidence  be  any  othei^ 
than  45^,  the  emergent  ray  is  clliplically  polarised, 

673-  Sot&tarr  p©lmii«»ttoii,— Rock   cr)'stal   or  quarti  possesses  a  re- 
markable property  which  was  long  regarded  as  peculiar  to  itself  among  all 
[  Ofystali,  though  it  has  been  since  found  to  be  shared  by  tartaric  acid  and  its 
F  ffitta^ together  with  some  other  crystallised  bodies.     This  property  is  called 
rotatory   polarisation,  and   may  be   described   as   follows  :    Let   a  ray  of 
rteous  light  be  polarised^  and  let  the  analyser,  say  a  NicoPs  prism,  be 
I  till  the  light  does  not  pass  through  it.     Take  a  thin  section  of  a  quartz 
erynat  cut  at  right  angles  to  its  axis,  and  place  it  between  the  polariser  and 
tbi  analyser  with  its  plane  at  right  angles  to  the  rays.     The  light  will  now 
fMi  tbroagh  the  analyser.     The  phenomenon  is  not  the  same  as  that  pre- 
flOQflly  described  (663),  for,  if  the  rock  crystal  is  turned  round  its  axis,  no 
<ibct  b  produced,  and  if  the  analyser  is  turned,  the  ray  is  found  to  httfilan^ 
P$iarii0d  m  a  plane  inclined  at  a  certain  angle  to   the  plane  of  primitive 
polarltttlon.     If  the  light  is  red,  and  the  plate  i  millimetre  thick,  this  angle 
it  iboet    17^.     In  some  specimens  of  quartz   the   plane  of  polarisation  is 
mnicd  to  the  right  hand,  in  others   to  the  left  hand.     Specimens  of  the 
fbnner  kind  are  said  to  be  right-handed,  those  of  the  latter  kind  left-handed. 
'^  '■'"  di/Tcrcncc  corresponds  to  a  difference  in   cr)'^siallographic  structure, 
'  re  property  possessed  by  rock  cr>'Stal  of  turning  the  plane  of  polarisation , 
ilifough  a  certain  angle  w-as  thoroughly  investigated  by  Biot,  who,  among 
uiv.<^.  '— yjts,  arrived  at  this  r— For  a  given  colour  the  angle  through  which  * 
of  polarisation  is  turned  is  proportional  to  the  thickness  of  the 

674.  yiiy steal  emplAoatioti  of  rotatory  pola^satl on, — The  explanatie 

^\\^'  aenon  described  in  the  last  article  is  as  follows  :  When  a  t^f 

^  y  ih\  passes  along  the  axis  of  the  quart/  crystal,  it  is  divided  inli 

t^TirayA  of  */^  'olariscd  light  of  equal  intensity,  which  pass  tbrougbl 

*^<Tyital  wit  ,  I  velocities.     In  one  the  circular  polarisation  is  right- 1 

'^Dded,  tn  the  other  left-handed  (670).     The  existence  of  these  rays  wall 
l*»tcd  by  Fresncl,  who  succeeded  in  separating  them.     (Jn  emerging  fromj 
'teoyrtal,  they  are  c<jmpoundcd  into  a  plane  polarised  ray  ;  but,  %ini:c  they  I 
^m^  with  unequal  velocities  within  the  crystal,  they  emerge  in  diflTerent 
|)^i«eft,aodeoaiequently  the  plane  of  polarisation  will  not  coincide  with  the 
l^tte  of  primitive  polarisation.     This  can  be  readily  shown  by  reasoning 
NaOar  to  that  employed  in  art.  670.     The  same  reasoning  will  aUo  sho^i 
[l^it  tbe  r"-"-  -*^  |iol:msation  will  be  turned  to  the  right  or  Icfl,  according:| 
|*t  lite  tJ  d  or  left-handed  ray  moves  with  the  greater  velocity,] 

uic  *iniuunt  of  the   rotation  will  depend  on  the  amoont  of  the 
of  the  ray  whose  velocity  is  least ;  that  is  to  lay,  it  will  depend 
of  the  plate  of  quartz.     In  this  manner  the  phenomena  of 
on  can  be  completely  accounted  for. 
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675.  Ooloraitlon  produeed  by  rotatory  potarUatloa. — The  lOtatiofl  is 
different  with  ditfercnt  colours  ;  its  magnitude  depends  on  the  refrsngibility, 
and  is  greatest  with  the  most  refrangible  rays.  In  the  case  of  red  light  21 
plate  I  millimetre  in  thickness  will  rotate  the  pine  17**,  while  a  plale  of  the 
same  thickness  will  rotate  it  44°  in  the  case  of  violet  light.  Hence  with 
white  light  there  will,  in  eacli  position  of  the  analysing  Nicol's  prism,  be  a 
greater  or  less  quantity  of  each  colour  transmitted.  In  the  case  of  a  right* 
handed  cr>'stal,  when  the  NicoVs  prism  is  turned  to  the  right,  the  colours 
will  successively  appear  from  the  less  refrangible  to  the  more  so — that  is, 

in  the  order  of  the  spectrum,  from  red  to  violet  ;  with 
a  left-handed  cr>'5tal  in  the  reverse  order.  Otniously 
in  turning  the  NicoFs  prism  to  the  left,  the  reverse  of 
these  results  will  take  place. 

Wlien  a  quartz  plate  cut  perpend icularif  to  the 
axis  and  traversed  by  a  ray  of  polarised  light  is 
looked  at  through  a  doubly  refracting  prism,  two 
brilliantly  coloiu-ed  images  are  seen,  of  which  the  lints  arc  complementary  i 
for  their  images  are  partially  superposed,  and  in  this  position  there  is 
white  light  (fig,  586).  WTien  the  prism  is  turned  from  left  to  right,  the  two 
images  change  colour  and  assume  successively  all  the  colours  of  the 
spectrum. 

This  will  be  understood  from  what  has  been  said  about  the  dt^ereoi 
rotation  for  different  colours.  Quart*  rotates  the  plane  of  pol 
red  17'' for  each  millimetre,  and  for  violet  44^ ;  hence  from  thegrt  . 
of  these  two  angles,  when  the  polarised  light  which  has  traversed  the  qiuut' 
plate  emerges,  the  various  simple  colours  which  it  contains  are  pohrmd 
in  diflferent  planes.  Consequently^  when  the  rays  thus  transmitted  by  tbe 
quart*  pass  through  a  double-refracting  prism,  they  arc  each  d*-^'>*Tit«is^ 
into  two  others  polarised  at  right  angles  to  each  other  :  the  vai  -c 

colours  are  not  divided  in  the  same  proportion  between  the  t.:  t  -i*l 
extraordinary*  rays  furnished  by  the  prism;  the  two  images  a  r* ,  f!i  i  iii:^ 
coloured  ;  but,  since  those  which  are  wanting  in  one  occur  in  the  otiicr,  (b^ 
colours  of  the  images  are  perfectly  complementary. 

These  phenomena  of  coloration  may  be  well  seen  by  means  of  Norrts^ 
berg's  apparatus  (fig.  573).  A  quartz  plate,  j,  cut  at  right  an^'les  to  iht  iP* 
and  fixed  in  a  cork  disc,  is  placed  on  a  screen  r  ;  the  m  ;:♦  STjii 

being  then  so  inclined  that  a  ray  of  polarised  light  passes  1 1  >  qttJtftz, 

the  latter  is  viewed  through  a  doublc-refraciing  prism,  ^'^ ;  when  thi»  tubti* 
turned  the  complementary  images  furnished  by  the  pas?»agt:  of  pdarti^ 
light  through  the  quarts  are  seen. 

676.  Botatory  power  of  Uqnida.— Biot  found  that  a  greaU  ooBlber*' 
liquids  and  solutions  possess  the  property  of  rotatory  {loLari&atioii.  8* 
further  observed  that  the  deviation  of  the  plane  of  |»-»i  in^vtrHir*  rjwi  rfffil 
differences  in  the  composition  of  bodies  where  none  h  Utsakii 

i'lnalysis.    For  instance,  the  two  sugars  obtained  by  ih*-  .!*-**• i  ^i.^iicad^ 

on  cane-sugar  deflect  the  plane  of  polarisation,  the  one  to  the  righl  txd  At 
other  to  the  left,  although  the  chemical  composition  of  the  two  mig^n  »  ^ 
same. 

The  rotatory  power  of  liquids  is  far  less  than  thai  of  qimtSi    1« 
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ceatfmted  syrup  of  cane-sugar,  which  possesses  the  rotatory  power  m  the 
lli|^tt»t  degree,  the  power  is  /^-  that  of  quartz^  so  that  it  is  necessary  to 
operate  upon  columns  of  liquids  of  considerable  length — S  inches,  for 
e  tan)  pie, 

i^ig-  5^7  represents  an   apparatus   devised  by  Biot  for  measuring  the 
rotal^'  power  of  liquids.     On  a  metal  groove,  gy  fixed  to  a  support,  r,  is  a 


^*iii  cube  1/30  centimetres  long,  in  which  is  contAined  the  liquid  experimented 
^Qo.    This  tube,  which  is  tinned  inside,  is  closed  at  each  end  hy  glass 
Ptaei  fktt^ied  by  screw  collars.     At  ///  is  a  mirror  of  black  glass,  inclined 
■*  the  polamiog  angle  to  the  axis  of  the  tubes  bd  and  <a,  so  that  the  ray  re- 
sided by  the  mtrrnr  m^  in  the  direction  bda^  is  polarised.     In  the  centre  of 
^imdoAltd  cirrle  lu,  inside  the  tube  a^  and  at  right  angles  to  the  axis  bda^ 
^tdfMlblt^nifracting  achromatic  prism,  which  can  be  turned  about  the  axis 
i  ^i^  appsnitus  by  means  of  a  button  n.     The  latter  is  hxed  to  a  limb  <r,  on 
L  ^ttdl  bavrmier,  to  indicate  the  number  of  degrees  turned  through*    Lastly, 
Ihu  the  position  of  the  mirror  ///,  the  plane  of  polarisation,  S^,  of  the  re- 
ray  is  vertical,  and  the  zero  of  the  graduation  of  the  circle  h  is  on 
me* 

are  plicing  the  tube  dm  the  groove  /,%  the  extraordinary  image  fur* 

I  by  th«  dotiblc- refracting  prism  disappears  whenever  the  limb  c  corre* 

llothesero  of  the  graduation,  because  then  the  double-refracting  prism 

\  tamed  that  its  principal  section  coincides  with  the  pUuic  of  polarisation 

This  If  the  case  also  when  the  tube  d  is  full  of  water  or  any  oth^j 

'  liiftadf  Hke  alcohol^  ether,  &c.,  which  shows  that  the  plane  of  pobin- 

\  ba«  not  been  turned.     Hut  if  the  tube  be  hllcd  with  a  solution  of  cane* 
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sugar  or  any  other  (utive  liquid,  the  extraordinary  image  reappears,  and  to 
•extinguish  it,  the  limb  must  be  turned  to  a  certain  extent  either  to  the  right 
or  to  the  left  of  zero,  according  as  the  liquid  is  right-handed  or  left-handed, 
showing  that  the  polarising  plane  has  been  turned  by  the  same  angle.  With 
solution  of  cane-sugar  the  rotation  takes  place  to  the  right ;  and  if  with  the 
same  solution  tubes  of  different  lengths  are  taken,  the  rotation  is  found  to 
increase  proportionally  to  the  length,  in  conformity  with  art  673 ;  further, 
with  the  same  tube,  but  with  solutions  of  various  strengths,  the  rotation 
increases  with  the  quantity  of  sugar  dissolved,  so  that  the  quantitative 
analysis  of  a  solution  may  be  made  by  means  of  its  angle  of  deviation. 

In  this  experiment  homogeneous  light  must  be  used  ;  for,  as  the  various 
tints  of  the  spectra  have  different  rotatory  powers,  white  light  is  decomposed 
in  traversing  an  active  liquid,  and  the  extraordinary  image  does  not  disappear 
completely  in  any  position  olf  the  double-refracting  prism — it  simply  changes 
the  tint  The  transition  tint  (677)  may,  however,  be  observed.  To  avoid 
this  inconvenience,  a  piece  of  red  glass  is  placed  in  the  tube  between  the  eye 
and  the  double-refracting  prism,  which  only  allows  red  light  to  pass.  The 
extraordinary  image  disappears  in  that  case,  whenever  the  principal  section 
of  the  prism  coincides  with  the  plane  of  polarisation  of  the  red  ray. 

677.  SoleiFs  saooluurlmeter. — Soleil  constructed  an  apparatus,  based 
upon  the  rotatory  power  of  liquids,  for  analysing  saccharine  substances, 
to  which  the  name  saccharimeter  is  applied.  Fig.  588  represents  the  sac- 
charimeter  fixed  horizontally  on  its  foot,  and  fig.  589  gives  a  longitudinal 
section. 

The  principle  of  this  instrument  is  not  that  of  observing  the  amplitude 
of  the  rotation  of  the  plane  of  polarisation,  as  in  Biot's  apparatus,  but  that 
of  compensation  ;  that  is  to  say,  a  second  active  substance  is  used  acting  in  the 
opposite  direction  to  that  analysed,  and  whose  thickness  can  be  altered  uoui 
the  contrary  actions  of  the  two  substances  completely  neutralise  each  other. 
Instead  of  measuring  the  deviation  of  the  plane  of  polarisation,  the  thick- 
ness is  measured  which  the  plate  of  quartz  must  have  in  order  to  obtain 
perfect  compensation. 

The  apparatus  consists  of  three  parts — a  tube  containing  the  liquid  Ko  be 
analysed,  a  polariser,  and  an  analyser. 

The  tube  w,  containing  the  liquid,  is  made  of  copper,  tinned  on  the 
inside,  and  closed  at  both  ends  by  two  glass  plates.  It  rests  on  a  support 
^,  terminated  at  both  ends  by  tubes,  r  and  a,  in  which  are  the  crystals  used 
as  analysers  and  polarisers,  and  which  are  represented  in  section  (fij:.  5^- 

In  front  of  the  aperture  S  (fig.  589)  is  placed  an  ordinar)'  Unip. 
The  light  emitted  by  this  lamp  m  the  direction  of  the  axis  first  meets  1 
double-refractinj;  prism  r,  which  ser\'es  as  polariser  (659).  The  ordiiaiT 
image  alone  meets  the  eye,  the  extraordinary  image  being  projected  out  of 
the  field  of  vision  in  consequence  of  the  amplitude  of  the  angle  which  the 
ordinar>'  makes  with  the  extraordinary  ray.  The  double-refiracting  prism  i* 
in  such  a  position  that  the  plane  of  polarisation  is  vertical,  and  passes  through 
the  axis  of  the  apparatus. 

Emerging  from  the  double-refracting  prism,  the  polarised  ray  meets  a 
plate  of  quartz  with  double  rotation  ;  that  is,  this  plate  rotates  the  pU** 
both  to  the  right  and  to  the  left     This  is  effected  by  constructing  the  plal« 
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'  two  quartz  plates  of  opposite  rotation  placed  one  on  the  other,  as  shown 
\  hg.  590*,  so  that  ihe  Une  of  separation  is  vertical  and  in  the  same  plane  as 

axis  of  the  apparatus.     These  plates,  cut  perpendicularly  to  the  axis, 

have  a  thickness  of  375  millimetres,  corresponding  to  a  rotation  of  90%  and 


rig.  5S8. 

jl»c  a  ro<se.\-io1et  lint,  called  the  fiftf  of  passage^  or  transition  tint.  As  the 
tinarti^  whether  right-handed  or  left-handed,  turns  always  to  the  same  extent 
(or  tilt  same  thickness,  it  follows  that  the  two  quartz  plates  a  and  h  turn 
^  piiAe  of  polarisation  equally,  one  to  the  right  and  the  other  to  the  left. 
if w>ce»  looked  at  through  a  double- refracting  prism,  they  present  exactly  the 
snt  tfltl* 

Having  traversed  the  quarti  q^  the  polarised  ray  passes  into  the  liquid 
Jl  liie  tobe  m^  and  then  meets  a  single  plate  of  quartz  *,  of  any  thickness, 
Iwa  of  which  will  be  seen  presently.   The  compensator  «,  which  destroys 
prolatiofi  of  the  column  of  liquid  w,  consists  of  two  quartz  plates,  with  the 
r  rotation  cither  to  the  right  or  the  left,  but  opposite  to  that  of  the  plate 
[TllCtf#  two  quartz  plates,  a  section  of  which  is  represented  in  6g.  590,  are 
1  by  cutting  obliquely  a  quartz  plate  with  parallel  sides,  so  as  to  form 
-—'--'  of  the  same  angle,  N,  N',  which  is  called  a  biquarti\   super- 
K  these  two  prisms,  as  shown  in  the  figure^  a  single  plate  » 
wneo  wtfh  parallel  faces,  which  can  be  varied  at  will     This  is  effected 
iylnlQg  each  prism  to  a  slide,  so  as  to  move  it  in  either  direction  without 
Alorfallli^  the  parallelism.     This  motion  ts  eflfccted  by  means  of  a  double 
\  and  pinion  motion  turned  by  a  milled  head,  b  (figs.  5S8,  5R9J. 
\  lli^e  plates  move  in  the  direction  indicated  by  the  arro"  -  jI, 

*  fhat  ihc  sum  of  their  thicknesses  increases,  and  that  it  <-!4 

plal»  ad«  moved  in  the  contrary  direction.    A  scale  and  a  vermer 
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follow  the  plates  in  their  motion,  and  measure  the  thickness  of  die  compen- 
sator. This  scale,  represented  with  its  vernier  in  fig.  591,  has  two  divisions 
with  a  common  zero,  one  from  left  to  right  for  right-handed  liquids,  and 
another  from  right  to  left  for  left-handed. 

When  the  vernier  is  at  zero  of  the  scale,  the  sum  of  the  thicknesses  01 
the  plates  NNMs  exactly  equal  to  that  of  the  plate  /,  and  as  the  rotation  of 


Fig.  589. 


Fig-  59a- 


the  latter  is  opposed  to  that  of  the  compensator,  the  effect  is  zero.  But  bj* 
moving  the  plates  of  the  compensator  in  one  or  the  other  direction  either 
the  compensator  or  the  quartz,  /,  preponderates,  and  there  is  a  rotation  from 
left  to  right. 

Behind  the  compensator  is  a  double-refracting  prism,  c  (fig.  589),  serving 
as  analyser  to  observe  the  polarised  ray  which  has  traversed  the  liquid  ^ 
the  various  quartz  plates.  In  order  to  understand  more  easily  the  object  01 
the  prism  r,  we  will  neglect  for  a  moment  the  crystals  and  the  lenses  00  the 
left  of  the  drawing.  If  at  first  the  zero  of  the  vernier  v  coincides  with  that 
of  the  scale,  and  if  the  liquid  in  the  tube  is  inactive,  the  actions  of  the  com- 
pensator, and  of  the  plate  /',  neutralise  each  other  ;  and,  the  liquid  hxn^  00 
action,  the  two  halves  of  the  plate  g,  seen  through  the  prism  f,  give  exactly 
the  same  tint  as  has  been  observed  above.  But  if  the  tube  filled  unth  inac- 
tive liquid  be  replaced  by  one  full  of  solution  of  sugar,  the  rotatory  pofitrd 
this  solution  is  added  to  that  of  one  of  the  halves  (a  or  d)  of  the  plate  f  (*"«■ 
that  half  which  tends  to  turn  the  plane  of  polarisation  in  the  same  dircctioo 
as  the  solution),  and  subtracted  from  that  of  the  other.  Hence  tbe  tvo 
halves  of  the  plate  g  no  longer  show  the  same  tint ;  the  half  tf,  for  insoace. 
is  red,  while  the  half  d  is  blue.  The  prisms  of  the  compensator  are  then 
moved  by  turning  the  milled  head  ^,  either  to  the  right  or  to  the  left,  until 
the  difference  of  action  of  the  compensator  and  of  the  plate  /  compensate* 
the  rotator>'  power  of  the  solution,  which  takes  place  when  the  two  hal^<* 
of  the  plate  g,  with  double  rot.ation,  revert  to  their  original  tint 

The  direction  of  the  deviation  and  the  thickness  of  the  compens-itorr* 
measured  by  the  relative  displacement  of  the  scale  ^,  and  of  the  vernier  r. 
Ten  of  the  divisions  on  the  scale  correspond  to  a  difference  of  i  millimrtit 
in  the  thickness  of  the  compensator ;  and  as  the  vernier  gives  itself  tenth* 
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,  di  these  divisions,  it  therefore  measures  differences  of  yj^  in  the  thickness! 
~ "  \  compensator. 

When  once  the  tints  of  the  two  halves  of  the  plate  are  exactly  the  sanl 
Dd  tliercfore  the  same  as  before  interposing  the  solution  of  sugar,  tl! 
on  the  scale  corresponding  to  the  vernier  is  read  off,  and  the  col 
oding  number  gives  the  strength  of  the  solution.  This  depends  on  thi 
'€s]Kninental  fact  that  16-471  grains  of  pure  and  well-dried  sugar-candy  bcin  J 
dinolvcd  in  water,  and  the  solution  diluted  to  the  volume  of  100  cubic  ccnl 
ttmetres,  and  observed  in  a  tube  ol  20  centimetres  m  lengthy  the  devialioni 
produced  is  the  same  as  that  effected  by  a  quartz  plate  a  millimetre  thick,  | 
In  making  the  analysis  of  raw  sugar,  a  weight  of  16*471  grains  of  sugar  is  1 
taken,  dissolved  in  water,  and  the  solution  made  up  to  100  cubic  centimetres, 
ha  tube  20  centimetres  tn  length  is  filled,  and  the  number  indicated 
'  mier  read  off,  when  the  primitive  tint  has  been  obtained.  This 
Mutnber  being  42,  for  example,  it  is  concluded  that  the  amount  of  crystallisable 
*o^:ir  in  the  solution  is  43  per  cent  of  that  which  the  solution  of  sugar-candy 
^'♦niJiincd,  and,  therefore,  16*471  grains  x  jVtj»  ^^  69 18  grains.  This  result 
ii  only  valid  when  the  sugar  is  not  mixed  with  uncr>stallisable  sugar  or 
SOQM  other  left-handed  substance.  In  that  case  the  cr)^stal Usable  sugar, 
vliicb  is  righi*handed,  must  be,  by  means  of  hydrochloric  acid,  converted 
iaio  imcrystallisable  sugar,  which  is  left-handed  ;  and  a  new  determination 
if  nudity  which,  together  with  the  first,  gives  the  quantity  of  crystallisable 


The  arrangement  of  crystals  and  lenses,  Oy  ^,/  and  a^  placed  behind  the 
€^  forms  what  Solcil  calls  the  producer  of  sensible  iints^  For  the* 
t  delicate  tint  -  that  by  which  a  very  feeble  difference  in  the  coloration 
flf  the  two  halves  of  the  rotation  plate  can  be  distinguished— is  not  the  same 
lor  JI&  eyes  ;  for  most  people  it  is  of  a  violet-blue  tint,  like  flax  blossom  ;  and 
II  is  ioiportant  either  to  produce  this  tint,  or  some  other  equally  sensible  to 
%  tyt  0#  the  observer.  This  is  effected  by  placing  in  front  of  the  prism,  c^ 
H  fat  A  qtiarti  plate,  ^,  cut  perpendicular  to  the  axis,  then  a  small  Galileo's 
Idcscopt  consisting  of  a  double  convex  glass,  g^  and  a  double  concave  glass^ 
U  which  can  be  approximated  or  removed  from  each  other  according  to  the 
dbunce  of  distinct  vision  of  each  observer.  Lastly,  there  is  a  double*rc* 
beting  pn»m|  ^  acting  as  polariser  tn  reference  to  the  quarts,  and  the  pnsm 
^ai  imaJyirr  ;  and  hence,  when  the  latter  is  turned  either  right  or  left,  the 
S^t  wbich  has  traversed  the  prism  r,  and  the  plate  ^,  chtinges  its  tint,  and 
Wtfly  giret  thai  which  is  the  most  delicate  for  the  experimenter. 

4S7S.  AwUjela  ef  diabetic  oriiie.  —  In  the   disease  diabetes^  the  urine 

i  <>a*|^B9   a   large   quantity   of  fenncoiable    sugar,   called    diabetic    sugar, 

h  fca  the  natural  condition  of  the  urine  turns  the  plane  of  polarisation  to 

*4lll.     To  estimate  tlie  quantity  of  this  sugar,  the  urine  is  first  clarified 

riKilllkf  it  with  acetate  of  lead  and  filtering  ;  the  tube  is  filled  with  the 

Ikfind  thus  obtained  ;  and  the  milled  head  h  turned  until,  by  means  of 

I  dottblt-rotating  plate,  the  same  tint  is  obtained  as  beforr  the  interposition 

[  IW  ortnc     Experiment  has  sho^  n  that  100  parts  of  the  ^iccharimetric 

\  repfcsent  the  displacement  which  the  quarti  compensators  must  have 

I  there  are  225-6  grains  of  sugar  in  a  litre  ;  hence  each  division  of  the 

rvptescnts  22  56  of  sugar.    Accordingly,  to  obtain  the  quantity  of  sugar 
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.  tbc  TTBnVr  iwficatcd  hf  tbe  v^emicr,  at  the  moment  at 

'.  T=zi  reappears,  mist  be  multiplied  by  2-256. 
rtioB  «r  kMft.— The  fairs  of  beat,  like  tbose  of  light,  may 
becoujc  pctarsed  by  icflecikMi  and  by  rcfractioii.  The  esperiments  on  this 
s^^yxi  are  i-\fm  •  '-  of  execctkn :  they  were  first  made  by  Malus  and 
Berazd.  m  iSio :  afixr  die  death  of  Mains  they  w«re  cootiniied  by  the  latter 
phik)6i?pber. 

In  Ids  experzaents,  the  calorific  lays  reflected  finom  one  mirror  were  re- 
cesred  cpoc  a  seoood.  jsst  as  in  Norremberg's  apparatus  ;  from  the  second 
they  feS  Tzpon  a  saaH  metalBc  refiector,  which  concentrated  them  upon  the 
bolb  of  a  .*'.^^^.-4aI  thcamomcter.  Bexard  observed  that  heat  was  not 
icdecicti  v^aea  &e  piaae  of  rcdectioa  of  the  second  mirror  was  at  right  angles 
to  thir  of  die  £r^.  As  dizs  pheaomenoQ  is  the  same  as  that  presented  by 
^ght  zzKier  the  scoe  drcmnstances,  Berard  conchided  that  heat  became 
pobrtsed  ia  besc^  rejected. 

Tbe  docbue  re»cxioQ  of  heat  may  be  shown  by  concentrating  the  sun's 
lars  by  caeaiis  of  a  hdjotstat  on  a  prism  of  Iceland  spar,  and  investigating 
the  reschant  pczMil  by  means  of  a  thermopile,  which  must  have  a  sharp 
narrow  edge.  In  this  case  also  there  is  an  ordinary  and  an  extraordinary 
ray,  which  sbUow  the  same  laws  as  those  of  light  In  the  optic  axis  of  the 
cakspar.  heat  is  nocdoobhr  refracted.  A  NicoFs  prism  can  be  used  for  the 
polazisatioQ  of  heat  as  well  as  for  that  of  light ;  a  polarised  ray  does  not 
traverse  the  second  Niool  if  the  plane  of  its  principal  section  is  perpendicular 
to  the  Wbratkcs  of  the  ray.  The  phenomena  of  the  polarisadon  of  heat 
may  also  be  srjcied  by  means  of  plates  of  tourmaline  and  of  mica.  The 
angle  of  polarisation  is  ^-irtualh-  the  same  for  heat  as  for  light  In  all  these 
experiments  the  prisms  must  be  %*ery  near  each  other. 

The  dittractkxi,  and  therefore  the  interference,  of  rays  of  heat  has  recently 
been  established  by  the  experiments  of  Knoblauch  and  others.  And  Forbes, 
who  has  repeated  Fresncl's  experiment  ^-ith  a  rhombohedron  of  rock  salt, 
has  found  that  by  two  total  internal  reflections,  heat  is  circularly  pobrised, 
just  as  is  the  case  with  light 
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CHAPTER    I. 
PROPERTIES  OF  MAGNETS. 


68a  Vatwml  and  artlflolAl  mavnets. — Magnets  are  substances  which 
have  the  property  of  attracting  iron,  and  the  term  magnetism  is  applied  to 
the  cause  of  this  attraction  and  to  the  resulting  phenomena. 

This  property  was  known  to  the  ancients  ;  it  exists  in  the  highest  degree 
in  an  ore  of  iron  which  is  known  in  chemistry  as  the  magnetic  oxide  of  iron. 
Its  composition  is  represented  by  the  formula  FcjO^. 

This  magnetic  oxide  of  iron,  or  lodestone^  as  it  is  called,  was  first  found 
at  Magnesia,  in  Asia  Minor,  the  name  magnet  being  derived  from  this  cir- 
cumstance. The  name  lodestone,  which  is  applied  to  this  natural  magnet, 
ns  given  on  account  of  its  being  used  when  suspended  as  a  guiding  or  lead- 
ing stone,  from  the  Saxon  Icedan^  to  lead ;  so  also  the  word  lodestar.  Lode- 
«onc  is  very  abundant  in  nature  :  it  is  met  with  in  the  older  geological  forma- 
tions, especially  in  Sweden  and  Norway,  where  it  is  worked  as  an  iron  ore, 
^  furnishes  the  best  quality  of  iron. 

Wlien  a  bar  or  needle  of  steel  is  rubbed  with  a  magnet,  it  acquires 
''Ugnetic  properties.  Such  bars  are  called  artificial  magnets  :  they  are 
'^e  powerful  than  natural  magnets,  and,  as  they  are  also  more  convenient, 
f^'  will  be  exclusively  referred  to  in  describing  the  phenomena  of  magnet- 
**Qi.  The  best  modes  of  preparing  them  will  be  explained  in  a  subsequent 
*nicle. 

681.  Fol««  and  aeatrml  lines. — When  a  small  piece  of  soft  iron  is  sus- 
P^ded  by  a  thread  and  a  magnet  is  approached  to  it,  the  iron  is  attracted 
^•ards  the  magnet,  and  some  force  is  required  for  its  removal.  The  force 
^  the  attraction  varies  in  different  parts  of  the  magnet ;  it  is  strongest  at  the 
**o  ends,  and  is  totally  wanting  in  the  middle. 

This  variation  may  also  be  seen  ver>'  clearly  when  a  bar  magnet  is 
W^ed  in  iron  filings ;  these  become  arranged  round  the  ends  of  the  bar 
*^  feathery  tufts,  which  decrease  towards  the  middle  of  the  bar,  where 
*^^rc  are  none.  That  part  of  the  surface  of  the  bar  where  there  is  no 
^ible  magnetic  force  is  called  the  neutral  line ;  and  the  parts  near  the 
^"Hls  of  the  bar  where  the  attraction  is  greatest  are  called  the  poles.    Every 
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magnet  whether  natural  or  arti^cial,  has  two  poles  and  a  neutral  line: 
sometimes,  however,  in  magnetising  bars  and  needles,  poles  are  productd 
lying  between  the  extreme  points.  Such  magnets  are  abnormal,  and  these 
points  are  called  intermediate  or  cameguent  poks.  The  shortest  line  join inj? 
tlie  two  poles  is  termed  the  axis  of  the  magnet ;  in  a  horseshoe  magnet  the 
axis  is  in  the  direction  of  the  keeper.  The  plane  at  right  angles  to  ihc  aitl^ 
of  a  bar  magnet  and  passing  through  the  neutral  line  is  sometimes  called  the 
equatar  of  the  magnet,  and  \\\^  length  of  a  magnet,  as  far  asroa^etic  actiont 
arc  concerned,  is  the  distance  of  the  p>oles. 

We  shall  presently  see  that  a  freely  suspended  magnet  always  sets  with 
one  pole  pointing  towards  the  north,  and  the  other  towards  the  south.     The 

end  pointing  towardfr  the 

^^^SSKlg^    north    is  called  tn    this 

country  the    norik  p^^ 

and    the    other    end    is 

the  south  pole,    Tlie  end 

of  the   magnetic    needle 

^*^*  5^3'  pointing  to  the  north  is 

"^also  sometimes  called  the  marked  end  of  the  needle.     Sometimes  also  (he 

end  pointing  to  the  north  is  called  the  red  pole,  and  that  to  the  south  lilt , 

htue  pole  ;  the  corresponding  terms  red  and  blue  magnetisms  are  also  J 

times  used. 

682.  X«clpracal  aotlon  of  two  polei.— The  two  poles  of  a  magnet; 

identical  when  they  are  brought  m\ 
with  iron  filings  (fig.  593),  but  this  it 
is  only  apparent,  for  when  a  small 
nctic  needle,  aif  {fig.  594),  is  suspended  iy 
a  fine  thread,  and  the  north  pole,  K,  ^ 
another  needle  is  brought  near  its  fiortlk 
pole,  a^  a  repulsion  takes  place,     H  o» 
the  contrary,  A  is  brought  near  the  93n^ 
pole,  ^,  of  the  movable  needle,  the  btoxf 
is   strongly  attracted.     Hence  these  t»c 
poles,  a  and  ^,  are  not  identical,  for  vmt 
is  repelled,  and  the  other  attracted  Irytif 
same  pole  of  the  magnet  A.     It  raiy  ^ 
shown  in  the  same  manner  that  ihe  t^ 
poles  of  the  latter  are  also  differcDl,  tf 
successively  presenting  them  Co  the  «■• 
^^^'  '^'  pole,  <i,  of  the  movable  needle.    !• 

case  there  is  repulsion,  in  the  other  attraction,     Hen^  the  foUo«in| 
may  be  enunciated  :— 

Poles  of  the  same  ftame  repel^  and  potts  of  cmttrmy  mam  tHrWii,  *■' 
^am^ther. 

The  opposite  actions  of  the  north  and  south  poles  may  he  fthmm  \ff 
following  experiment ;— A  piece  of  iron,  a  key  for  examiple,  is 
hy  a  bar  magnet     A  second  bar  magnet  of  the  same  duneosiOQS  ti 
moved  along  the  first,  so  that  their  poles  are  contrary  (6f,  J95),    Tbe^^ 
remains  5tJ»pended  so  long  zb  the  two  poles  are  at  some  diiUAcii  htf  «M. 
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they  arc  sufficiently  near,  the  key  drops,  just  as  if  the  bar  which  supported 
it  had  lost  its  magnetism.    This,  however,  is  not  the  case,  for  the  key  would 
be  again  supported  if  the 
first  magnet  were  presented 
to  it  after  the   removal  of 
the  second  bar. 

The  attraction  which  a 
majn^et  exerts  upon  iron  is 
reciprocal,  which  is  indeed 
a  general  principle  of  all 
attractions.  It  is  easily  veri- 
ned  by  presenting  a  mass  of 
iron  to  a  movable  magnet,  when  the  latter  is  attracted. 

683.  Sypotbesis  of  two  mafnetlo  fluids. — In  order  to  explain  the  phe- 
nomena of  magnetism,  the  existence  of  two  hypothetical  magnetic  fluids  has 
been  assumed,  each  of  which  acts  repulsively  on  itself,  but  attracts  the  other 
fluid.  The  fluid  whose  action  predominates  at  the  north  pole  of  the  magnet 
is  called  the  north  fluid,  or  red  magnetism  ;  and  that  at  the  south  pole  the 
\(mtk  fluid,  or  blue  magnetism.  The  term  *  fluid  '  is  apt  to  puzzle  beginners, 
from  its  ambiguity.  Ordinarily  the  idea  of  a  liquid  is  associated  with  the 
>.Tm  *a  fluid  ;'  hence  the  use  of  this  term  to  explain  the  phenomena  of  mag- 
netism and  electricity  has  produced  a  widely  prevailing  impression  of  the 
niaterial  nature  of  these  two/orces.  The  word  *  fluid,'  it  must  be  remembered, 
embraces  gases  as  well  as  liquids,  and  here  it  must  be  pictured  to  the  mind 
is  representing  an  invisible,  elastic,  gaseous  atmosphere  or  shell  surrounding 
■he  particles  of  all  magnetic  substances. 

It  is  assumed  that,  before  magnetisation,  these  fluids  are  combined  round 

tach  molecule,  and  mutually  neutralise  e.ich  other ;  they  can  be  separated 

jNthe  influence  of  a  force  greater  than  that  of  their  mutual  attraction,  and 

•in  arrange  themselves  round  the  molecules  to  which  they  are  attached,  but 

innot  be  removed  from  them. 

The  hypothesis  of  the  two  fluids  is  convenient  in  explaining  magnetic 
;^heiiomena,  and  will  be  adhered  to  in  what  follows.  Hut  it  must  not  be 
■r',;vdcd  as  anything  more  than  a  provisional  hypothesis,  and  it  will  after- 
•*rds  be  shown  ^879}  that  magnetic  phenomena  appear  to  result  from  elec- 
'nul  currents,  circulating  in  magnetic  bodies  :  a  mode  of  view  which  connects 
'hetheor>'  of  magnetism  with  that  of  electricity. 

684.  Freetsa  deflnltloB  of  poles.-  Hy  aid  of  the  preceding  hypothesis 

■*«  are  enabled  to  obtain  a  clear  idea  of  the  distribution  of  the  magnetism 

^  a  magnetised  bar,  and  to  account  for  the  circumstance  that  there  is  no 

^magnetism  in  the  middle  of  the  bar,  and  that  it  is  strongest  «it  the  poles. 

'^  AB  {fi%,    596)  represent  a  magnet,   then  the  alternate  black  and  white 

*?*ccs  may  be  taken  to  represent  the  position  of  the  magnetic  fluids  in  a 

**^  of  particles  after  magnetisation  :  in  accordance  with  what  has  been 

*^  the  black  spaces,  representing  the  south  fluid,  all  point  in  one  direction, 

**1  the  north  fluid  in  the  opposite  direction.     The  last  half  of  the  terminal 

'**''^ecTile  at  one  end  would  have  north   polarity,  and  at   the  other  south 

W^rity.     Let  N  represent  the  north  pole  of  a  magnetic  needle  placed  near 

^  magnet  AB  ;  then  the  south  fluid  s  in  the  terminal  molecule  would  tend 

s  s 
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to  attract  N,  and  the  north  fluid  n  would  tend  to  repel  it ;  but  as  the  mole- 
cule of  south  fluid  s  is  nearer  N  than  the  molecule  of  the  north  fluid  n,  the 
attraction  between  s  and  N  would  be  greater  than  the  repulsion  between  n 
and  N.     Similarly  the  attraction  between  s'  and  N  would  be  greater  than 
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the  repulsion  between  n'  and  N,  and  so  on  with  the  following  s^'  and  h'\  Slc 
And  all  these  forces  would  give  a  resultant  tending  to  attract  N,  whose 
point  of  application  would  have  a  certain  fixed  position,  which  would  be  die 
south  pole  of  AB.  In  like  manner  it  might  be  shown  that  the  resultant  of 
the  forces  acting  at  the  other  end  of  the  bar  would  form  a  north  pole,  and 
would  hence  repel  the  north  pole  of  the  needle,  but  would  attract  its  sooth 
pole. 

That  such  a  series  of  polarised  particles  really  acts  like  an  ordinaiT 
magnet  may  be  shown  by  partly  filling  a  glass  tube  with  steel  filings,  and 
passing  the  pole  of  a  strong  magnet  several  times  along  the  outside  in  00c 
constant  direction,  taking  care  not  to  shake  the  tube.  The  individual  tilings 
will  thus  be  magnetised,  and  the  whole  column  of  them  presented  to  a  nug- 
netic  needle  will  attract  and  repel  its  poles  just  like  an  ordinary  bar  magnet, 
exhibiting  a  north  pole  at  one  end,  a  south  pole  at  the  other,  and  no  pdarit)* 
in  the  middle  ;  but  on  shaking  the  tube,  or  turning  out  the  filings,  and  pit- 
ting them  in  again  so  as  to  destroy  the  regularity,  every  trace  of  polarity  will 
disappear.  It  appears  hence  that  the  polarity  at  each  end  of  a  magnet  is 
caused  by  the  fact  that  the  resultant  action  on  a  magnetic  body  is  stn»g«st 
near  the  ends,  and  does  not  arise  from  any  accumulation  of  magnetisms  at 
the  ends. 

The  same  point  may  be  illustrated  by  the  following  experiment,  which  is 
due  to  Sir  W.  Grove  :— In  a  glass  tube  with  flat  glass  ends  is  placed  water  in 
which  is  diffused  magnetic  oxide  of  iron.  Round  the  outside  of  the  tube  is 
coiled  some  insulated  wire.  On  looking  at  a  light  through  the  tube  the 
liquid  appears  dark  and  muddy,  but  on  passing  a  current  of  electricity  tliiw*** 
the  wire  it  becomes  clearer  (879).  This  is  due  to  the  fact  that  by  the  m<* 
netising  action  of  the  current,  the  particles,  becoming  magnetised,  set  «ith 
their  longest  dimension  parallel  to  the  axis  of  the  tube,  in  which  position 
they  obstruct  the  passage  of  light  to  a  less  extent 

685.  Bxperiments  witli  broken  mttcnets. — That  the  two  roagnetisott 
are  present  in  all  parts  of  the  bar,  and  are  not  simply  accumulated  at  thf 
ends,  is  also  evident  from  the  following  experiment : — A  steel  knitting- 
needle  is  magnetised  by  rubbing  it  with  one  of  the  poles  of  a  magnet,  and  then. 
the  existence  of  the  two  poles  and  of  the  neutral  line  haWng  been  ascertain**^ 
by  means  of  iron  filings,  it  is  broken  in  the  middle.    But  now,  on  presenting 
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sticcessively  the  tu*o  halves  to  a  magnet,  each  mil  be  found  to  possess  two 
opposite  poles  and  a  neutral  Line,  and  in  fact  is  a  perfect  magnet.  If  these 
new  magnets  are  broken  in  turn  into  two  halves,  each  will  be  a  complete 
magnet  with  its  two  poles  and  neutral  line^  and  so  on^  as  far  as  the  division 
cao  be  contiDued.  It  is,  therefore,  concluded  by  analogy  that  the  smallest 
parts  of  a  ma^et,  the  ultimate  molecules,  contain  the  t^\  o  ma^cUsms. 

6S6.  BCafavtto  Indaotton. — When  a  magnetic  substance  is  placed  in 
cootact  Mnth  a  magnet,  the  two  magnetisms  of  the  former  become  separated  ; 
and  so  long  as  the  contact  remains,  it  is  a  complete  magnet,  having  its  two 
poles  and  its  neutral  line.  For  instance,  if  a  small  cylinder  of  soft  iron,  c^ 
(%.  597)1  be  placed  in  contact  with  one  of  the  poles  of  a  magnet,  the  cylinder 


I  m  turn  support  a  second  cylinder  ;  this  in  turn  a  third,  and  so  on,  to  as 
ly  ai  seven  or  eight,  according  to  the  power  of  the  magnet  Each  of  these 
\  cylinders  is  a  magnet ;  if  it  be  the  north  pole  of  the  magnet  to  which 
At  cylinders  are  attached,  the  part  a  will  have  south,  and  b  north  magnetism  ; 
^vOl  In  [ike  manner  develop  in  the  nearest  end  of  the  next  cylinder  south 
VtXfsu  Ai^d  so  on^  But  these  cylinders  are  only  magnets  so  long  as  the 
of  a  magnetised  bar  continues.  For,  if  the  first  cylinder  be  re- 
from  the  magnet,  the  other  cylinders  immediately  drop,  and  reuin  no 
^4llllBa^etism.  The  separation  of  the  two  magnetisms  is  only  moment* 
«iidl  proves  that  the  magnet  yields  nothing  to  the  iron.  Hence  we 
'  Imve  Umporary  magnets  as  well  2i&  permatieni  magnets ;  the  former  of 
I  aiul  okkcl,  the  latter  of  steel  and  cobalt  (68S), 
Tbii  actioo,  in  virtue  of  which  a  magnet  can  develop  magnetism  in 
io^  il  Cllled  magnetu  induction  or  infiu^na^  and  it  can  take  place  without 
Idnl  contact  between  the  magnet  and  the  iron,  as  is  seen  in  the  following 
i^oiaent ;  -A  bar  of  soft  iron  is  held  with  one  end  near  a  magnetic  needle, 
tftow  Ihc  north  pnic  of  a  magnet  be  approached  to  the  iron  without  touch- 
if  it,  Ihc  needle  will  be  attracted  or  repelled,  according  as  its  south  or 
iaaJl  |iolc  it  near  the  bar.  For  the  north  pole  of  the  magnet  will  develop 
ilali  magnetism  in  the  end  of  the  biu-  nearest  it,  and  therefore  north  mag- 
iflMoist  tbe  other  end»  which  would  thus  attract  the  south,  but  repel  the 
lUi  tfid  of  the  needle.  Obviously,  if  the  other  end  of  the  magnet  were 
l^q^lit  oear  the  iron,  the  opposite  effects  would  be  producc4  on  tlie  needle ; 
•i  ihc  o|H>osttc  pole  of  a  second  magnet  of  equal  strength  simultaneously 
^  bfoi^jbt  near  lite  iron,  the  needle  would  be  unaffected,  as  one  magnet 
►  the  work  of  the  other 
Aaicnig  other  things,  magnetic  induction  explains  the  formation  of  the 
b  of  irpB  fiUogs  which  become  attached  to  the  poles  of  magnets.    The 
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parts  in  contact  ^nth  the  magnet  are  converted  into  magnets  :  these  act 
inductively  on  the  adjacent  parts,  these  again  on  the  foDowxng  ones,  and 
so  on,  producing  a  nlamentar>'  arrangement  of  the  filings.  The  bosk-like 
appearance  of  these  filaments  is  due  to  the  repalsi^^c  action  whidi  the 
free  poles  exert  upon  each  other.  Any  piece  of  soft  iron  while  being 
attracted  by  a  magnet  is  for  the  time  being  con\-crted  into  a  magnet; 
hence  is  explained  the  paradoxical  statement  that  *  magnets  only  attraa 
magnets.' 

687.  CoereiTe  feree. — We  have  seen  from  the  above  experiments  that 
soft  iron  becomes   instantaneously  magnetised  under  the   influence  d  a 
magnet,  but  that  this  magnetism  is  not  permanent,  and  ceases  wbeo  the 
magnet  is  removed.     Steel  likewise  becomes  magnetised  by  contaa  with  a 
magnet ;  but  the  operation  is  effected  with  difficulty,  and  the  more  so  as  the 
steel  is  more  highly  tempered.     Placed  in  contact  with  a  magnet,  a  steel  bar 
acquires  magnetic  properties  ver>'  slowly  ;  and,   to  make   the  magnetisai 
complete,  the  steel  must  be  rubbed  with  one  of  the  poles.     But  this  nu^ 
netism,  once  evoked  in  steel,  is  permanent,  and  does  not  disappear  when  the 
inducing  force  is  removed. 

These  different  effects  in  soft  iron  and  steel  are  ascribed  to  a  kiml  d 
resistance  which  is  often  called  coercive  for ce^^ndi  which,  in  a  magnetic  ab- 
stance,  offers  a  hindrance  to  the  separation  of  the  t^'o  magnetisms,  but  which 
also  prevents  their  recombination  when  once  separated.  In  steel  this  coodrt 
force  is  very  great  ;  in  soft  iron  it  is  very  small  or  almost  absent  By  oxida- 
tion, pressure,  torsion  or  hammering,  &c,  a  certain  amount  of  coercive  fcfce 
may  be  imparted  to  soft  iron  ;  and  by  heat,  the  coercive  force  may  be  lessened, 
as  will  be  afterwards  seen. 

688.  Bifference  between  xnacnets  and  ma^netlo  •vbstanoiii^^'^ 
netic  substances  are  substances  which,  like  iron,  steel,  and  nickel,  arc  attracted 
by  the  magnet.  They  contain  the  two  magnetisms,  but  in  a  state  d  neu- 
tralisation. Compounds  containing  iron  are  usually  magnetic,  and  the  ©oft 
so  in  proportion  as  they  contain  a  larger  quantity  of  iron.  Some,  hoitrcr, 
like  iron  pyrites,  are  not  attracted  by  the  magnet. 

A  maj^etic  substance  is  readily  distinguished  from  a  maguet  The 
former  has  no  poles  ;  if  successively  presented  to  the  two  endsofanugBrtic 
needle,  ab  (fijj.  594 »,  it  will  attract  both  ends  equally,  while  uith  oneandtbe 
same  end  a  magnet  would  attract  the  one  end  of  the  needle,  but  repel  the 
other.  Magnetic  substances  also  have  no  action  on  each  other ;  while  ©a?* 
nets  attract  or  repel  each  other,  according  as  unlike  or  like  poles  aft  I**" 
sented.     Attraction  is  no  proof  that  a  body  is  a  magnet ;  repulsion  is. 

Iron  is  not  the  only  substance  which  possesses  magnetic  fMrope^*^' 
nickel  has  considerable  magnetic  power,  but  far  less  than  that  of  iron ;  coWJ 
is  less  magnetic  than  nickel  ;  while  to  even  a  slighter  extent  chromio**^ 
manganese  are  magnetic.  Further,  we  shall  see  lh.it  powerful  xca^so^*^ 
a  peculiar  influence  on  all  substances. 
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CHAPTER   II. 

TERRESTRIAL  MAGNETISM.      COMPASSES. 

9.  IMreetlTe  action  of  tbe  eartli  on  marnets. — When  a  magnetic 
J  is  suspended  by  a  thread,  as  represented  in  fig.  594,  or  when  placed 
pivot  on  which  it  can  move  freely  (fig.  598),  it  ultimately  sets  in  a 
m  which   is  more  or  less  north  and 

If    removed  from  this  position   it  ^■ 

s  returns  to  it  after  making  a  certain 
tx  of  oscillations. 

lalogous  observations  have  been  made 
erent  parts  of  the  globe,  from  which  the 
bas  been  compared  to  an  immense  mag- 
hose  poles  are  ver>'  near  the  terrestrial 
and  whose  neutral  line  virtually  coin- 
with  the  equator. 

le  polarity  in  the  northern  hemisphere 
cd  the  northern  or  boreal  polarity,  and 
I  the  southern  hemisphere  the  southern 
tral  polarity.  In  French  works  the  end 
needle  pointing  north  is  called  the  austral  or  southern  pole,  and  that 
iig  to  the  south  the  boreal  or  northern  pole  ;  a  designation  based  on 
fpothesis  of  a  terrestrial  m.ignet,  and  on  the  law  that  unlike  magnet- 
ittract  each  other.  In  practice  it  will  be  found  more  convenient  to 
c  English  names,  and  call  that  end  of  the  magnet  which  points  to  the 
the  north  pole^  and  that  which  points  to  the  south  the  south  pole ;  the 
pole  of  a  magnet  is  a  north-seeking  pole,  and  a  south  pole  a  south-seek- 
)lc.  To  avoid  ambiguity  that  end  of  the  needle  pointing  north  is  in 
lod  sometimes  spoken  of  as  the  marked  end  oi  tht.  needle  (681). 
0.  Terrestrial  ma^netio  ooaple. —  From  what  has  been  stated,  it  is 
that  the  magnetic  action  of  the  earth  on  a  magnetised  needle  may  be 
ircd  to  a  couple  ;  that  is,  to  a  system  of  two  equal  forces,  parallel,  but 
\  in  contrary  directions. 

»r  let  ab  (fig.  599)  be  a  movable  magnetic  needle  making  an  angle  with 
magnetic  meridian  M'.M  (691).  The  earth's  north  pole  acts  attractively 
s  marked  pole,  a,  and  repulsively  on  the  other  pole,  /^  and  two  contrar>' 
are  produced,  an  and  bn\  which  are  equal  and  parallel  :  for  the 
trial  pole  is  so  distant,  and  the  needle  so  small,  as  to  justify  the  assump- 
hat  the  two  directions  an  and  bn\  are  parallel,  and  that  the  two  poles 
^uidistant  from  the  earth's  north  pole.  But  the  earth's  south  pole  acts 
iriy  on  the  poles  of  the  needle,  and  produces  two  other  forces,  as  and  bs^ 
\  are  also  equal  and  parallel ;  but  the  two  forces  an  and  as  may  be  re- 


itaasi  n  &  vap^  Tisiicsac  cS  J3^  mat  -^e  iDrzs  pt  ia£  ir 
ri  :  "^  twi  fur::»  f >~  imt  rr  an  *Tna.  TaraV,  snL  ii:r  n  i 


Tilt  i'XTJt  viacx 
as5!raBCtrT*  rrjr  r^yi^jin  t  tec  sasaLT  ^arecrit 

tibe  ia=&. 

li^  liKcrverer,  a  rotgrtt:  be  ajgrcarSed  ^<  &  'fi-a'H'^  ^MecV,  x 
repcliioc  *=sw»,  iccrjrdisg  2s  ccac  or  lie  ctber  :*  3ie  pcyes  is 
T5>e  ruLtoQ  of  tbe  d33«SE2  acacos  ntrrtec  by  ibe  c»r±  *ac  bf  a 
a  floating  zJotiL^  is  as  fc>Ik/-»5  : — ^Wbc:  ±ic  =*:r±  pci«.  iar  asc 
n'.Ea^2>tt  :*  presccttti  to  tic  5cp=:2:  pc«e  «*  ibe  zicedl-e.  ii<  larrer  is 
:t  ;»-  ly^ir*r#«',  repiel>d  b}-  ie  socib  p»>jc  of  rbe  ea^zjci.  Now 
rr-a;^r>f.:c  amacrxffi  or  repels kc  decreases  w^.tb  tbe  iiscar*:^ :  aiid 
taTiOt  bfrtTreen  tij<:  K«th  pole  of  the  aeedl*  asd  th*  zi-ni  poic  <rf 
\s\»:\\  than  t>-e  distar^ce  bcnrecs  the  socth  pc-Ie  of  the  ceccle  aa 
pole  of  the  ma;^ei,  the  anractios  predomhiaies  ever  the  repdsai 
Ttttdle  tTt^nt^i  lo»ards  the  ma^ei.  But  the  earth  s  zna^nctic  n 
v>  di&tar^t  from  the  fioating  needie  iha:  its  length  nsay  be  cot 
t'mitdy  smaJl  in  comparison,  and  one  pole  of  the  needle  is  iast 
repelled  a^  the  other  is  attracted. 

</>f.  KacB«tte  €l— euti,  HftrHaaflw  —In  order  to  ol 
km/wledge  of  the  earth's  magnetism  at  any  place  three  esscnt 
'|uisite  ;  these  are — i.  Declination  ;  ii.  Inclination  ;  iii.  Force  c 
Thc>e  three  arc  termed  the  magmtic  elemunis  of  the  place.  We  s 
them  in  the  order  in  which  they  stand. 

The  geographical  meridian  of  a  place  is  the  imaginary  pU 
through  this  place  and  through  the  two  terrestrial  poles,  and  ih 
i'*  the  outline  of  this  plane  upon  the  surface  of  the  globe.  Si 
magnetic  meridian  of  a  place  is  the  vertical  plane  passing  at 
through  the  two  poles  of  a  movable  magnetic  needle  inequilibriu 
vertical  axis. 

In  general  the  magnetic  meridian  does  not  coincide  with 
phical  meridian,  and  the  angle  which  the  magnetic  makes  with 
phical  meridian  -that  is  to  say,  the  angle  which  the  direction  of 
makes  with  the  meridian — is  called  the  declination  or  variaiiam  < 
netic  needle.  The  declination  is  said  to  be  east  or  west^  accon 
north  pole  of  the  needle  is  to  the  east  or  west  of  the  geographical 
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692.  Vitftettons  IB  deellaatloii. — The  declination  of  the  magnetic 
needle,  which  varies  in  diflferent  places,  is  at  present  west  in  Europe  and  in 
Africa,  but  east  in  Asia  and  in  the  greater  part  of  North  and  South  America. 
It  shows  further  considerable  variations  even  in  the  same  place.  These  vari- 
ations are  of  two  kinds ;  some  are  regular,  and  are  either  secular,  annual, 
or  diurnal ;  others,  which  are  irregular,  are  called  magnetic  storms  (694). 

Secular  variatums. — In  the  same  place  the  declination  varies  in  the 
course  of  time,  and  the  needle  appears  to  make  oscillations  to  the  east  and 
west  of  the  meridian,  the  duration  of  which  extends  over  centuries.  The 
<leclination  has  been  known  at  Paris  since  1580,  and  the  following  table 
represents  the  variations  which  it  has  undergone  : — 


Year  Declination  Year  Declination 

1580       II**30'E.        1830    '    22^I2'W. 
1663        O**  1835       22**  4'W. 

1700  8**  10'  W.  1850  20*»  30'  W. 

1780  i9*'55'W.  1855  '   i9**57'W.  \ 

1785  22*'oo'W.  i860  19^32'W.  ' 

1805  22**  5'W.  I   1865  I   i8*'44'W.  I 

1814  22°34'W.  I   1875  i7*'2i'W.  ' 

1825         .       22^22'\V.       ,  1878  I7°00'W.        . 

This  table  shows  that  since  1 580  the  declination  has  varied  at  Paris  as 
itiuch  as  34'',  and  that  the  greatest  westerly  declination  was  attained  in  18 14, 
^bce  which  time  the  needle  has  gradually  tended  towards  the  east 

At  London,  the  needle  showed  in  1 580  an  easterly  declination  of  1 1**  36' ; 
i  1663  it  was  at  zero  ;  from  that  time  it  gradually  tended  towards  the  west, 
<Qd  reached  its  maximum  declination  of  24°  41'  in  18 18  ;  since  then  it  has 
•teadily  diminished  ;  it  was  22**  30'  in  1850,  19*'  32'  in  1873,  ^9°  24'  in  1874, 
If  16'  in  1875,  '9°  10'  in  1876,  19**  3'  in  1877,  18**  52'  in  1878,  18**  40'  in 
*8Si,  iS*'  15'.  in  1883,   and  is  now  (1886)  17**  42' W. 

At  Yarmouth  and  Dover  the  variation  is  about  40'  less  than  at  London  ; 
^  Hull  and  Southampton  about  20^  greater ;  at  Newcastle  and  Swansea 
*bom  1°  45',  and  at  Liverpool  2°  o',  at  Edinburgh  3®  o',  and  at  Glasgow  and 
iHiblin  about  3°  50'  greater  than  at  London. 

The  following  are  the  observations  of  the  magnetic  elements  at  Kew 
^Qesding  over  the  last  twenty  years  : — 


\car 

Declination 

Inclination 

Horizontal 
force 

1865 

20^  59' 

68°    T 

3829 

1867 

20°  40' 

68°   3' 

3844 

1869 

20°  25' 

68°    I' 

3852 

187I 

20°  10' 

67°  57' 

3863 

1873 

190  57' 

67°  52' 

3-877 

1875 

19' 41' 

67°  48' 

3885 

1877 

19^  22' 

67°  45' 

3-891 

1878 

19°  14' 

67°  44' 

3-895 

1879 

K/     6' 

67°  42' 

3900 

1880 

18^  59' 

67°  42' 

i     3899 
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Year 

Dcciiiution 

InclinAtL 

I88I 

18°  50' 

67=41 

1882 

18' 45' 

67^1  • 

1883 

18^41' 

6-=  41 

1884 

18-32- 

6/'  5^.' 

1885 

18=  26' 

67'  .V*^ 

H.r:i::ti 


3-903 
3904 

3'90Ci 
3vi^ 


In  certain  parts  of  the  earth  the  mai;:ne:  co:nci»:£>  w::h  :r.c  jT^o 
meridian.  These  points  are  connected  by  an  '\7tcz-S.i:'.\  z-iz\fri  : 
line,  called  a  line  of  no  variation  or  agonic  liz:.  S:::h  i  '.:r.e  rj: 
of  South  America,  and  passinj^  east  of  the  \\>5:  Ir.i  es.  er.:e 
America  near  Philadelphia,  and  traverses  Hu.-">or.'>  ?■::;.  :  -.hcr.-'e 
through  the  North  Pole,  entering  the  Olii  World  f-L>:  :  :i*  \V 
traverses  the  Caspian,  cuts  the  cast  of  Arab:.-!.  Turr.*  ".b*-.  \s'^l< . 
and  passes  through  the  South  Pole,  io;o:n  i:>t:::".v::.r_ 

Isogonic  lines  are  lines  conncctini:  ihose  r'^ir*^  :-  :>*  tinh  s  ? 
which  the  declination  is  the  same.  The  r.r?:  cm"  :>.;  '<:r.i  ^.15  :--rt: 
1700  by  Halley;  as  the  elements  of  :hc  c.\r:h  ^  r/.i-;:  --  ir;  r: 
changing,  the  course  of  such  a  line  car.  or^S  Sc  Li:\trTT  .7  ;-i  :  ■-  1  :*n 
Maps  on  which  such  isogonic  I:r.c>  :.rt  Zi-:r,i-:  l--:  :i>  *■:  i; 
or  variation  maps  :  and  a  compari<k-»r.  o:':re>f  :r  1-  .?  t:.--  -  ▼> 
to  show  the  variation  which  this  m.^cr.e:.:  elf— ;r:  «---i %-••;>.  : 
represents  a  map  in  Mercaiors  ^Toyc\.  r.  ^  '.':.  "  ;>;  •  :>  -  -  .•-.  -". 
It  will  be  seen  that  the  surface  o!':ht  j!  :•;  *  1  :-:  :  :*r>:  :•*» 
regions  :  one,  the  smaller,  in  which  :hc  -xri:  r  -  v  f>:-  l-  rit 
the  continuous  lines  ;  the  other  ir  \^ ""  ..-h  : '■?  » •.-  :. "  *  ^  ; :.-  ■  i?  = 
by  the  dotted  lines.  This  char:  i>  -  si -..  :*  :ri  r.L-::-  -«  -  ^' 
him  the  declination  in  any  p]s,cc.  hu:  :.  >;  ;>  >'  ::  r  -  *:  :..-"^ 
;;l()l)e    where  the  declin.i:io:i    ..':.,.-.^f^     :   >".  v^  - 

H'markable  are  the  coas:  of  New:.'--.:..':.     ■;    ".  *      L- »^ 

seaboard  of  Nonh  America,  .ir.c:  :hr  rr.    ?*   .'•..■  r    :.-  .     -  .     -  . 

6<;3.    A.nnual    variations.  -  L.^^^.'      ':>     .  - 
tl«?f:Iination  is  subject  to  >:r..i".!  .ir.r._:.     ■..■•■    '-       ■     ■  ..' -   -:  -  -  "^'^ 
j;r<:ai«:st  about  the  vema]  e..;-  r.    ^.  ;.---';-•""    ."  ■     :   ■  -         '•  * 
'.oisli*  f.',  anri  increase?  .'sjT.i-r    '  ..■■  ^  :' i  -  ■  ■:  '       ^   -^  -    •  ■■.         z 
»M  rrri  from  15'to  i^'.dr.^  .:•..;?  >  -■!    r.      .        ".  -  ■ 

Th*:  tiiurtuil  7- tr:  :::'*:.   •.■.'■.-'•  r..  -.        '■'•   :         ■.■.•    '    *■• 
t  .i\\  ofily  \it:  ri};^*  r-.  e";  by  :■;■.•:  .-■;■.■  :^  :■.    - 
ii.ili'"  r'-t]»'V'i;j  '■:'  .ir.;-     :"     ..  r :    ^r:    ..'        .~    -^  '  ■  .^--  -■.- 

Iri  ilii.  ( tfuit\r\  :'■'.-  r.   r.;.  r-  ^.  :."      .>  .    :~  "■   '  -   "■ 
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variation  is  not  always  at  the  same  time.  The  amplitude  of  the  daily  varia- 
tions decreases  from  the  poles  towards  the  equator,  where  it  is  very  feeble. 
Thus  in  the  island  of  Revvak  it  never  exceeds  3'  to  4'. 

694.  Aeeid«iitftl  variations  nntf  perturbations.— The  declination  is 
accidentally  disturbed  in  its  daily  variations  by  many  causes^  such  as  earth- 
quakes, the  aurora  bortalis^  and  volcanic  eruptions.  The  effect  of  tlie 
aurora  is  felt  at  great  distances.  Auroras,  which  are  only  visible  in  the  most 
northerly  parts  of  Europe,  act  on  the  needle  even  in  these  latitudes,  where 

ddcntal  variations  of  T^  or  2^  have  been  observ^ed.  In  polar  regions  the 
ilc  frequently  oscillates  several  degrees  ;  its  irregularity  on  the  day  before 
he  aurora  borealis  is  a  presage  of  the  occurrence  of  this  phenoraenoiL 
Another  remarkable  phenomenon  is  the  simultaneous  occurrence  of 
ssa^nettc  perturbations  in  very  distant  countries.  Thus  Sabine  mentions 
A  magnetic  disturbance  which  was  felt  simultaneously  at  Toronto,  the  Cape, 
^miruc,  and  Van  Diemen's  Land-  Such  simultaneous  perturbations  have 
deceived  the  name  of  magnetic  s forms, 

695.  i>ecUii«ttoti  compa»»,— The  deciinatwn  compass  is  an  instrument 
l>y  which  the  magnetic  declination  of  any  place  may  be  determined  when 
^li  astronomical  meridian  is 

known.     The     form    repre- 
sented in  fj|^,  600  consists  of 
%br«M  box,  AB,  in  the  hot- 
iom  of  which  is  a  graduated 
Cirde;  M.     In  the  centre  is  a 
lirot  on  w^hich  oscillates   a 
iBy    light     loicnge-shapcd 
%i|pietic  needle,  at.    To  the 
hgix  are  attached  two  uprights 
>llp}NJj  ting  a  horizontal  axis, 
X.  on  which  is  6xed  an  as- 
trtmomical      telescope,      L* 
'i^ovablc  id  a  vertical  plane. 
The  box  rests  on  a  foot,  l\ 
^hout  which  it  can  turn  in  a 
Ikorixontal  plane*  taking  with 
*t  the   telescope.       A   ^xtd 
tirdc,  QR,  which   is  called 
Iht    ammtiihal   drcU^  mca- 
^rei  tlie  number  of  <! 
jltauf^h  which  the  t< : 
^*i  been   turned,  by  riituiiis 
•f  a  rcmier,  V,  fixed  to  the 
The  inclination  of  the 
Y^  ■^■■JOpc,  in  reference  to  the 
F^^Stimn,  maybe  measured  by 

I'^Hoiher  vfmier,  K,  which  moves  with  the  axis  of  the  tclebi 
^*^«i  u  nhjated  arc,  X. 

Th»=  ;  ig  in  determining  the  dccUnation  is  to  adjust  the 

lly  by  mean.%  cif  the  screws  SS,  And  the  \cxfX  n.    The  astronomical 


it^^ 


is  read 
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meridian  is  then  found,  either  by  an  observation  of  the  sun  at  noon  oacdf, 
or  by  any  of  the  ready  methods  knoi^-n  to  astronomers.  The  box  AB  ii 
then  turned  until  the  telescope  is  in  the  plane  of  the  astronomical  meridian. 
The  angle  made  by  the  magnetic  needle  with  the  diameter  N,  which  com^ 
sponds  with  the  zero  of  the  scale,  and  is  exactly  in  the  plane  of  the  telescope^ 
is  then  read  off  on  the  graduated  limb,  and  this  is  east  or  west,  according  as 
the  pole  a  of  the  needle  stops  at  the  east  or  west  of  the  diameter  N. 

696.  Oorrectton  of  errors. — These  indications  of  the  compass  are  only 
correct  when  the  magnetic  axis  of  the  needle — that  is,  the  right  line  paanig 
through  the  two  poles — coincides  with  its  axis  of  figure,  or  the  line  coonect- 

ing  its  two  ends.  This 
is  not  usually  the  case, 
and  a  correction  most 
therefore  be  made, 
which  is  done  by  the 
method  of  revenimL 
For  this  purpose  the 
needle  is  not  fixed  it 
the  cap,  but  merely 
rests  on  it,  so  that  it 
can  be  removed  and 
^  m-.      its  positions  re\'exKd ; 

thus  what  was  befoft 
^'»«- '''''  ^'K-  ^-  the  lower  is  now  the 

tipper  face.  The  mean  between  the  observations  made  in  the  two  ca$«i 
gives  the  true  declination. 

For,  let  NS  be  the  astronomical  meridian,  ab  the  axis  of  figure  rf** 
needle,  and  mn  its  magnetic  axis  (fig.  601).  The  true  declination  is  nflCtk 
arc  Xa,  but  the  arc  Nw,  which  is  greater.  If  now  the  needle  be  turned,^ 
line  mn  makes  the  same  angle  with  the  meridian  NS  ;  but  the  north  end  if 
the  needle,  which  was  on  the  right  of  ««,  is  now  on  the  left  (fig.  602),  so  that 
the  declination,  which  was  previously  too  small  by  a  certain  amount,  is  no* 
too  large  by  the  same  amount.  Hence  the  true  declination  is  given  by  the 
mean  of  these  two  observations. 

697.  Mariner's  oompass« — The  magnetic  action  of  the  earth  has  received 
its  most  important  application  in  the  manner's  compass.  This  is  a  declina- 
tion compass  used  in  guiding  the  course  of  a  ship.  Fig.  603  represents  a 
view  of  the  whole,  and  fig.  604  a  vertical  section.  It  consists  of  a  cylindikal 
case,  HB',  which,  to  keep  the  compass  in  a  horizontal  position  in  spite  of  the 
rolling  of  the  vessel,  is  supported  on  gimbals.  These  are  two  conc«i!rif 
rings,  one  of  which,  attached  to  the  case  itself,  moves  about  the  axis  j:^«hidi 
plays  in  the  outer  ring  AB,  and  this  moves  in  the  supports  PQ,  aboat  the 
axis  mn^  at  right  angles  to  the  first. 

In  the  bottom  of  the  box  is  a  pivot,  on  which  is  placed,  by  means  o(  aa 
agate  cap,  a  magnetic  bar,  ab^  which  is  the  needle  of  the  compass.  On  this 
is  fixed  a  disc  of  mica,  a  little  larger  than  the  length  of  the  needle,  on  irhich 
is  traced  a  star  or  rose^  with  thirty-two  branches,  making  the  eight  points  or 
rhumbs  of  the  wind,  the  demi-rhumbs,  and  the  quarters.  The  branch  ending 
in  a  small  star,  and  called  N,  corresponds  to  the  bar  o^,  which  is  underneath 
the  disc 
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rhc  compass  is  placed   near   the   stern    of  the  vessel  in  the  binnacU. 

nrifig  the  direction  of  the  compass  in  which  the  ship  is  to  be  steered,  the 

has  the  nidder  turned  till  the  direction  coincides  with  the  sight  vane 


^^si^' 


Fig.  603, 

big  through  a  line  d  marked  on  the  inside  of  the  box,  and  parallel  with 
ted  of  the  vessel. 

Tie  pHsmatk  campass  differs  from  the  mariner's  compass  mainly  in  its 
MMons,  and  in  the  way  in  which  obser\'atians  are  made.  It  consists  of  a 
^pipetal  box  about  2  J  inches  in  diameter  (fig*  605) ;  the  needle,  which  is 
[Mlowr  the  compass  card,  plays  on  a  pivot  much  as  in  fig.  604.  A  is  a  metal 
r  ATToss  which  is  stretched  a  horse-hair,  forming  a  sight-vanc.  Exactly  op- 

a  right-angled  prism  P  enclosed 

.L5e,  with  an  e>'ehole  and  a  slit  as  n  ^ 

;*esled  at  the  side  of  the  figure  fig.  605. 
i  Ofdcr  to  make  an  observation  the 
ptm  !•  held  horizontally,  and  so  that 


Fill.  613$. 

Wk  to  the  prism,  the  hair  of  the  sight-vane,  and  the  distant  object  are 

to  be  to  the  same  tine  ;  looking  through  the  eyehole,  the  angle  which 

wmSS^  make*  is  then  noted  ;  a  similar  obser\'ation  is  made  with  another 

i^  md  thttt  the  angle  between  them,  or  their  bearing,  is  given. 

lis  «i|Klil*vasie  is  connected  with  a  lever,  and  can  be  turned  down  when 

itfCi  the  magnet  on  the  pivot^  thus  keeping  it  rigid,  so  that  the  compass 

m  tnui^Oited  in  any  (lositioD. 

m  Ite  Inu^  b  seen  through  the  convex  face  of  the  prism  H  \s  mfik^\^^^ 


636 


On  Magnetism. 


\m- 


and  as  it  is  seen  by  reflection  it  is  reversed,  so  that  in  order  to  read  the  figures 
correctly  they  must  be  reversed  on  the  card. 

698.  Znellnatioii.  Marnetie  equator.— It  might  be  supposed,  from  the 
northerly  direction  which  the  magnetic  needle  takes,  that  the  force  acdn^ 
upon  it  is  situated  in  a  point  of  the  horizon.  This  is  not  the  case,  for  if  the 
needle  be  so  arranged  that  it  can  move  freely  in  a  vertical  plane  about  a  hori- 
zontal axis,  it  will  be  seen  that,  although  the  centre  of  gravity  of  the  needle 
coincides  with  the  centre  of  suspension,  the  north  pole  in  our  hemisphere  dips 
downwards.  In  the  other  hemisphere  the  south  pole  is  inclined  dowii«-aids. 
The  angle  which  the  magnetic  needle  makes  with  the  horizon,  when  the 
vertical  plane,  in  which  it  moves,  coincides  with  the  magnetic  meridian,  i$ 
called  the  inclination  or  dip  of  the  needle.  In  any  other  plane  than  the 
magnetic  meridian  the  inclination  increases,  and  is  90**  in  a  plane  at  right 
angles  to  the  magnetic  meridian.  For  the  magnetic  inclination  represents 
the  direction  of  the  total  magnetic  force,  and  may  be  decomposed  into  tvo 
forces,  one  acting  in  a  horizontal  and  the  other  in  a  vertical  plane.  ^^"^^ 
the  needle  is  moved  so  that  it  is  at  right  angles  to  the  magnetic  meridian, 
the  horizontal  component  can  only  act  in  the  direction  of  the  axis  of  saspen- 
sion,  and,  therefore,  cannot  affect  the  needle,  which  is  then  solely  inflocnced 
by  the  vertical  component,  and  stands  vertically.  The  following  consider** 
tions  will  make  this  clearer : — 

Let  N  S  (fig.  606)  represent  a  magnetic  needle  capable  of  moving  ia  * 
vertical  plane.      Let  NT   represent,  in  direction  and  intensit>*,  the  wwe 

force  of  the  each's  magnetism  acti^ 
on  the  pole  N.  Then  NT  cxt  be  Re- 
solved into  the  forces  NA  an-  N^  ■ 
TN//  being  the  angle  of  indir^i^'^  «" 
dip. 

NT  is   termed  the  total  f^^'^] 
and  its  components  are  NA,o:thc*^' 
zontal  force  H,  and  NV,  or  the  vertical  force  7.. 

Now,  it  is  clear  that  the  greater  the  angle  of  dip,  TN//,  the  lcssbc-^^fl** 
N//,  or  the  horizontal  force,  and  the  greater,  NV,  or  the  vertical  forct 
Hence,  in  high  latitudes  the  directive  force  of  a  compass,  which  depecds* 
the  horizontal  force,  is  less  than  in  low  latitudes.  .'\t  the  magnetic  pi-c*  ^ 
horizontal  force  will  be  nil,  and  the  vertical  force  a  maximum  ;  here,  •Ji«'*" 
fore,  the  needle  will  be  vertical.  At  the  magnetic  equator  the  reverse* the 
case,  and  the  needle  will  be  horizontal.  Hence,  the  oscillations  ofaii*'^ 
needle,  by  which,  as  will  presently  be  explained,  the  strength  of  the  exit  > 
magnetism  is  measured,  become  fewer  and  fewer  in  a  given  tine  ^  '^ 
ma«(netic  poles  arc  approached,  although  there  is  really  an  increase  ir*  '''■* 
total  force  of  the  earth. 

Again,  the  reason  why  a  dip  needle  stands  vertical  when  p^"*^ 
and  \V.  is  clearly  because  in  those  positions  the  horizontal  force  no»  ^^ 
at  right  angles  to  the  plane  of  motion  of  the  needle  is  ineffectual  to  ek"*^ 
and  therefore  merely  produces  a  pressure  on  the  pivot  which  sup?^''**: 
needle.  But  the  vertical  component  of  the  total  force  remains  'J^^**^ 
by  the  new  position  of  the  needle.  Acting,  therefore,  entirely  a.'*^*  •** 
the  dip  needle  is  exactly  E.  and  W.,  this  vertical  component  W  ** 
needle  into  a  line  with  itself ;  that  is,  90°  from  the  horizontal  pUae. 


Fig.  6.yi. 
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alue  of  the  dip,  like  that  of  the  declination,  differs  in  different 
It  is  greatest  in  the  polar  regions,  and  decreases  with  the  latitude 
ator,  where  it  is  approximately  zero.  In  London  at  the  present  time 
dip  is  67**  26',  reckoning  from  the  horizontal  line.  In  the  southern 
re  the  inclination  is  again  seen,  but  in  a  contrary  direction  ;  that  is, 
pole  of  the  needle  dips  below  the  horizontal  line. 
'Agnettc poles  are  those  places  in  which  the  dipping-needle  stands 
that  is,  where  the  inclination  is  90^  In  1830  the  first  of  these,  the 
north  pole,  was  found  by  Sir  James  Ross  in  96^  43'  west  longitude 
Mth  latitude.  The  same  observer  found  in  the  South  Sea,  in  76° 
tude  and  168®  east  longitude,  that  the  inclination  was  88**  37'. 
and  other  observations,  it  has  been  calculated  that  the  position  of 
^tic  south  pole  was  at  that  time  in  about  1 54^  east  longitude  and 
I  latitude.  The  line  of  no  declination  passes  through  these  poles, 
les  of  equal  declination  converge  towards  them. 
agnettc  equator^  or  aclinic  line,  is  the  line  which  joins  all  those 
the  earth  where  there  is  no  dip  ;  that  is,  all  those  in  which  the 
eedle  is  quite  horizontal.  It  is  a  somewhat  sinuous  line,  not  differ- 
from  a  great  circle  inclined  to  the  equator  at  an  angle  of  12%  and 
on  two  points  almost  exactly  opposite  each  other — one  in  the 
ind  one  in  the  Pacific  These  points  appear  to  be  gradually  moving 
ion,  and  travelling  from  east  to  west. 

:x)nnecting  places  in  which  the  dipping-needle  makes  equal  angles 
isoclinic  lines.  They  have  a  certain  analog)^  and  parallelism  with 
lis  of  latitude,  and  the  term  magnetic  latitude  x^  sometimes  used  to 
sitions  on  the  earth  with  reference  to  the  magnetic  dip.  Plate  IV. 
nation  map  for  the  year  1882,  the  construction  of  which  is  quite 
to  that  of  the  map  of  declination. 

dination  is  subject  to  secular  variations,  like  the  declination,  as  is 
en  from  a  comparison  of  maps  of  inclination  for  different  epochs, 
in  167 1,  the  inclination  was  75^  ;  since  then  it  has  been  continually 
I  :  in  1835  it  was  67"*  14'  ;  in  1849,  67**  ;  in  1859,  66°  14' ;  and  in 

•llowing  table  gives  the  alterations  in  the  inclination  at  London,  from 
all  be  seen  that  since  1723,  in  which  it  was  at  its  maximum,  it  has 
y  diminished  by  something  more  than  two  minutes  in  each  year. 


V..«r 

Inrlinatiun 

Vrar 

Inclinntton 

1576 

7r  50' 

1828 

(V'  47' 

XiiCO 

72^ 

1838 

6y^  17' 

1676 

73°  30' 

1854 

68^' 31' 

1723 

74^42' 

1859 

68^21' 

1773 

72"  19' 

1874 

<'^7'  43' 

1780 

72^    8' 

1876 

(^7'  39' 

1790 

71^33' 

1878 

67"  3^' 

1800 

70"  35' 

1880 

^>7^  35' 

182I 

70^31' 

1881 

^7'  35' 

eompass. — An  inclination  compass,  or  dip  needle,  is  an 
t  for  measuring  the  magnetic  inclination  or  dip.     One  form,  repre- 
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sented  in  fig*  607,  though  not  best  adapted  for  the  most  accxirale  ttwilliir 
ments,  is  well  suited  for  illustrating  the  principle.  It  consists  of  a  guAiitelll 
horizontal  brass  circle  w,  supported  on  three  legs,  provided  ^ilh  kflKll|r 
screws.  Above  this  circle  there  is  a  plate  A,  movable  about  a  tcilical 
axis,  and  supporting,  by  means  of  two  columns,  a  second  graduated cifck  H^ 
ivhich  measures  the  inclination.  The  needle  rests  on  a  frame  r,  aad  the 
diameter  passing  through  the  two  zeros  of  the  circle  N  can  be  asGO»ed 
to  be  perfectly  horizontal  by  means  of  the  spirit-level  n. 

To  observe  the  inclination,  the  magnetic  meridian  niust  first  be  dder- 
mined,  which  is  effected  by  turning  the  plate  A  on  the  circle  m^  until  Ae 
needle  is  vertical,  which  is  the  case  when  it  is  in  a  plane  at  right  an^tEi 
the  magnetic  meridian  (698),  The  plate  A  is  then  turned  90^  od  the  cMr 
w,  by  which  the  vertical  circle  M  is  brought  into  the  magnetic  meridiiB. 
The  angle  dca^  which  the  magnetic  needle  makes  with  the  honxooul  4tt- 
meter,  is  the  angle  of  inclination. 

There  are  here  several  sources  of  crror^  which  must  be  allowed  for-    Tbe 
most  important  are  these : — i.  The  magnetic  axis  of  the  needk  our  ■*• 

coincide  with  its  axis  ol  %ve : 
hence  an   error  which  is  «*^ 
rected  by  a  method  of  revtm* 
analogous   to  iliat  alicadlf  ^ 
scribed  (696).     iL  The  oeaUt  4 
gravity  of  the  needle  maf  ^ 
coincide  with  the  axis  of  ■a?**' 
sion,  and  then  the  angle  is»  * 
too  great  or  loo  small,  actxfi^f 
as  the  centre  of  gravity  »  W^ 
or  above  the  centre  dL  vx^^ 
sion  ;  for   in   the  &it  a*  *^ 
action  of  grarity  is  ta  1^  •■• 
direction  as  that  of  ni|itli"^' 
and  in  tlie  seoDod  it  »  i&  ^ 
opposite  dtrectton.    ToOBfl**^ 
this  error,    the    poki  ^  ^ 
needle  must  be  revtffvS  *T  ^ 
demagnelbiog  it,  Mi4  tto  \ 
paning  a  conttaiy 


to  what  it  bad  at   finL  tli^ 
inclination  is  nowre-dooV^ 
and  the  mean  takes  d^^ 
suUs  obtained  m  thenwf^* 


^^^ia/ 


Fif.  Co?, 


of  operations,  iii.  The  plane  of  the  ring  may  not  coincide  nith  the  tw<  ^^ 
netic  meridian.  It  should  be  in  that  plane  when  the  needk  has  it*  mtf^ 
deviation  ;  an  observation  of  this  kind  should  therefore  be  taleen^MC*^ 
that  preWously  described,  by  which  the  needle  is  mo^'cd  go**  from  10*^ 
mum  deviation- 

The  dip  needle  may  be  used  to  determtne  the  iwlinaljflfi  b  ^9^ 
way.  It  is  first  allowed  to  oscillate  in  the  ixuigfietic  tneridiaii,  apil  ^ * 
a  plane  at  right  angles  to  tt.     If  the  number  of  oscillatioQs  la  aftM** 
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in  the  first  portion  be  w,  and  in  the  second  position  /f,,  then  in  the  first  position 
|]ie  wli0lc  force  of  the  earth's  magnetism  E  acts,  and  in  the  second  posi- 
tion ooly  the  \*ertical  component,  which  is  E  sin  x\  x  being  the  angle  of  dip, 
K<yWt  since  the  forces  acting  on  the  needle  are,  from  the  laws  of  the  pendulum 
(55),  SIS  the  squares  of  the  number  of  oscillations  in  a  given  time,  we  have 

-a  -.^from  which  sin  jr-  -V- 


Fie.  60a. 


70a  A«tmtlc  nee4le  ftail  astatic  •yst^m.— An  astatic  needle  is  one 
vbtch  is  uninfluenced  by  the  earth's  nmgnetism.  A  needle  movable  about 
an  axis  in  the  plane  of  the  magnetic  meridian  and  parallel  to  the  inclination 
one  of  this  kind  ;  for  the  terrestrial  magnetic  couple,  acting  then  in 
ion  of  the  axis,  cannot  impart  to  the  needle  any  determinate  direction. 
Oiiatic  system  is  a  combination  of  two  needles  of  the  same  force 
)oiMd  parallel  to  each  other  with  the  poles  in  contrary  directi  ons^  as  shown 
b  %.  608*  If  the  two  needles  have  exactly  the 
mmt  ma^etic  force,  the  opposite  actions  of  the 
cmh*f  niilgoetism  on  the  poles  a'  and  b  and  on 
lie  poles  m  and  ^  counterbalance  each  other  ;  the 
lyiteiii  b  then  completely  astatic,  and  sets  at 
4|te  fti^to  to  the  magnetic  meridian. 

A  fingte  magnetic  needle  may  also  be  rendered 
manic  hf  placing  a  large  magnet  near  it.  By 
itpeated  trials  a  certain  position  and  distance 
cio  be  fcniod  at  which  the  action  of  the  magnet 
^  tbe  needle  just  neutralises  that  of  the  earth's 
^^poetisin«  and  the  needle  is  free  to  obey  any 
Ifcifd  force. 

70 1.  9oe«)«  of  tbe  eartli*»  masnetlsni. —  If  a  magnetic  needle  be 
%yvcd  frwm  its  position  of  equilibrium  it  will  revert  to  it  after  a  scries  of 
licSlations,  which  follow  laws  analogous  to  those  of  the  pendulum  {^),  If 
tie  magnet  be  removed  to  another  place,  and  caused  to  oscillate  during 
^ke  lame  length  of  time  as  the  firsts  a  different  number  of  oscillations 
•il  be  obicrvcd.  And  the  earth's  magnetic  force  in  the  two  places 
^  be  respectively  proportional  to  the  squares  of  the  number  of  oscilla- 

If  at  M  the  number  of  oscillations  in  a  minute  had  been  25  »m,  and  at 
place  M'j  24-  w',  wc  should  have- 
Force  of  the  earth's  magnetism  at  M     11*     625       .^3 
Force  of  tfieearth^s  magnetism  at  M'  *  i»/  "  576  "        ^* 

is«  if  the  force  of  the   magnetism  at   the  second  place  is  taken  as 
tft  tbat  of  the  first  is  1*035.     If  the  magnetic  condition  of  the  needle  had 
I  ctenged  in  the  interval  between  the  two  observations,  this  method  would 
I  Mkz  ibc  relation  between  the  force  at  tlie  two  places. 

Iji  tbcse  determinations  of  the  force,  it  would  be  necessary  to  have  the 

of  the   dip-nccdlc,  which  are   produced  by  the  total  force  of 

card's    magnetism.      These,   however,  are    difficult    to    obtain    with 

f,  and,  therefore,  those  of  the  declination  needle  are  usually  taken. 

loroe  whidi  makes  the  declination  needle  oscillate  is  only  a  portion 
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of  the  total  magnetic  force,  and  is  smaller  in  proportion  as  tbi 
is  greater.  If  a  line  ac^^A  (fig.  609)  represent  the  total  force,  th 
inclination,  then  the  horizontal  component  ab^H  is  M  cos  /. 
express  the  total  force  in  the  two  places  by  the  oscillations  of 
tion  needle,  we  must  substitute  the  values  M  cos  i  and  M'  < 
and  \P  in  the  preceding  equation,  and  we  have — 

M  cos  / 
M'  cos  i' 


?1 


Fig.  609. 


hence  g,.«:/»LC. 
M'    «'^  cos  / 

That  is  to  say,  having  observed  in  two  differenl 
number  of  oscillations,  n  and  n\  that  the  same  m 
in  the  same  time,  the  ratio  of  the  magnetic  force 
places  will  be  found  by  multipl>'ing  the  ratio  of  th 
the  number  of  oscillations  by  the  inverse  ratio  of  tl 
the  angle  of  dip. 

Plate  V.  is  a  chart  representing  the  horizontal  component  of 
force.  Knowing  the  angle  of  dip  /,  the  total  force  M,  or  the  vcrti 
in  any  place,  may  be  obtained  from  the  values  in  the  chart  by  t 
M  -  H  sec  /  ;  and  Z  «  H  tan  /*. 

The  total  force  is  least  near  the  magnetic  equator,  and  incre 
the  latitude,  is  greatest  near,  but  not  quite  at,  the  magnetic  poles ; 
of  maximum  intensity  are  conveniently  named  the  magnetic  foci. 
shows  that  the  horizontal  force  diminishes  as  we  go  towards  Uie  pc 
not  inconsistent  with  the  above  statement  if  we  take  the  dip  intoao 

The  lines  connecting  places  of  equal  force  are  called  isodym 
They  are  not  parallel  to  the  magnetic  equator,  but  seem  to  havf 
same  direction  as  the  isothermal  lines.  According  to  Kuppid 
appears  to  diminish  as  the  height  of  the  place  is  greater  ;  a  ne 
made  one  oscillation  in  24"  vibrated  more  slowly  by  o-oi"  at  < 
1,000  feet:  but,  according  to  Forbes,  the  force  is  only  j-J,^^,  less  1 
of  3,000  feet.  There  is,  however,  some  doubt  as  to  the  accun 
observations,  owing  to  the  uncertainty  of  the  correction  for  tempt 

The  intensity  varies  in  the  same  place  with  the  time  of  day  :  il 
maximum  between  4  and  5  in  the  afternoon,  and  is  at  its  minimn 
10  and  1 1  in  the  morning. 

According  to  Gauss,  the  total  magnetic  action  of  the  earth  is  t 
that  which  would  be  exerted  if  in  each  cubic  yard  there  were 
magnets  each  weighing  a  pound. 

It  is  probable,  though  it  has  not  yet  been  ascertained  withcer 
the  force  undergoes  secular  variations.  From  measurements 
Kew,  it  appears  that  on  the  whole,  the  total  force  experiences  a 
annual  increase  (692). 

702.  Marnetlo  observatories. — During  the  last  few  years  g 
tion  has  been  devoted  to  the  observation  of  the  mag^netic  elements, 
vatories  for  this  purpose  have  been  fitted  up  in  different  parts  of 
These  observations  have  led  to  the  discovery  that  the  magnetism  < 
is  in  a  state  of  constant  fluctuation,  like  the  waves  of  the  sea.  An 
ing  the  variations  of  the  declination,  &c.,  the  mean  of  a  great 
obser\'ations  must  be  taken,  so  as  to  eliminate  the  irregular  dis 
and  bring  out  the  general  laws. 
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inciplc  on  which  magnetic  obsenrations  are  automatically  recorded 
lows: — ^Supposc  that  in  a  dark  room  a  bar  magnet  is  suspended 
illy,  and  at  its  centre  is  a  small  mirror  ;  suppose  further  that  a  lamp 
ay  of  light  to  this  mirror,  the  inclination  of  which  is  such  that  the  ray 
id,  and  is  received  on  a  horizontal  drum  placed  underneath  the  lamp. 
bf  the  drum  is  at  right  angles  to  the  axis  of  the  magnet  ;  it  is  covered 
ptive  photographic  paper,  and  is  rotated  uniformly  by  clockwork. 
lie  magnet  is  quite  stationary^  and  the  drum  rotates^  the  reflected 
(fht  will  trace  a  straight  line  on  the  paper  with  which  the  revolving 
^vered.     But  if,  as  is  always  the  case,  the  position  of  the  magnet 
Hing  the  twenty-four  hours,  the  effect  will  be  to  trace  a  sinuous  line 
iper.     These  lines  can  afterwards  be  fixed  by  ordinary  photographic 
\    Knowing  the  distance  of  the  mirror  from  the  drum,  and  the  length 
}cx  band  which  comes  under  the  influence  of  the  spot  of  Ughl  in  ii 
e — twenty-four  hours,  for  instance— the  angular  deflection  at  any 
picm  may  be  deduced  by  a  simple  calculation  (522). 
>b5cr\^itions  made   in   the   English  magnetic  obser\'atorie5   were 
>y  Sabine,  and  revealed  some  curious   facts  in  reference  to  mag- 
mw  (694).     He  found   that  there  is  a  certain  periodicity  in  their 
cc  and  that  they  attain  their  greatest  frequency  about  every  ten 
independently  of  this,  Schwabe,  who  for  many  years  studied  the  sub* 
iid  tliat   the   spots   on  the  sun,  seen    on  looking  at  it  through   a 
I  glass,  vary  in  their  number,  size,  and  frequency,  but  attain  their 
between  every  ten  or  eleven  years.     Now  Sabine  established  tire 
feet  that  the  period  of  their  greatest  frequency'  coincides  with  the 
greatest  magnetic  disturbance.     Other  remarkable  connections 
the    sun   and   terrestrial   magnetism   have   been   observed ;    one, 
\  of  recent  occurrence  has  attracted  considerable  attention.     It  was 
of  a  large  luminous  mass  across  a  vast  sun-spot,  while  a  simul- 
rbation  of  the  magnetic  needle  was  observed  in  the  obscrvator>' 
ibsequent  examination  of  magnetic  observations  in  various  parts 
Id  showed  that  within  a  few  hours  one  of  the  most  violent  magnetic 
T  known  had  prevailed. 

i,  howe\*er,  that  these  accidental  variations  in  the  declination  can- 

c  to  changes  in  any  tUrect  action  of  a  possible  magnetic  condition 

f  the  sun  or  the  moon.     For  it  can  be  shown  that  if  the  magneti- 

|f  tl)e  latter  were  as  powerful  as  that  of  the  earth,  the  deflection 

could  produce  would  not  amount  to  the  J,th  of  a  second,  a  quantity 

Loot  be  measured     In  order  to  produce  a  variation  of  lo'  such 

ly  met  with,   the  magnetisation  of  the  sun  or  of  the  moon 

tiixies  that  of  the  earth  ;  in  other  words,  a  more  powerful  dc* 

itsatloti  than  that  of  tire  most  powerfully  magnetised  steel  bars. 

ttic  storms  are  nearly  always  accompanied  by  the  exhibition  of  the 

19  in  high  latitudes;  that  this  is  not  universal  may  be  due  to 

miny  auroras  escape  notice.    The  converse  of  this  is  true,  that 

/of  the  aurora  takes  place  without  a  violent  magnetic  storm. 

aire  or  focus  towards  which  the  rays  of  the  aurora  converge  Ilea 

ly  in  the  prolongation  of  the  direction  of  the  dipping-needle. 
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CHAPTER    III. 
LAWS  OF  MAGNETIC  ATTRACTIONS  AND  REPULSIONS. 

703.  &aw  ofdeereastf  wltli  dlstaaee. — Coulomb  discovered  the  remark- 
able law  in  reference  to  magnetism,  that  magnetic  attractions  and  repul- 
sions are  inversely  as  the  squares  of  the  distances.  He  proved  this  b>' 
means  of  two  methods : — (L)  that  of  the  torsion  balance,  and  (il)  that  of 
oscillations. 

704.  i.  Tlie  torsion  baUuiee. — This  apparatus  depends  on  the  prindpie 
that,  when  a  wire  is  twisted  through  a  certain  space,  the  angle  of  torsion  is 

proportional  to  the  force  of  tonioo 
(90).     It  consists  ^fig.  610)  of  a 
glass  case  closed  by  a  glass  top^ 
with  an  aperture  near  the  ed|ge, 
to  allow  the  introduction  of  a  suy* 
net,  A.     In  another  aperture  in  the 
centre  of  the  top  a  glass  tube  fits. 
provided    at    its    upper  cxtremin* 
with  a  micrometer.    This  consists 
of  two  circular  pieces  :  dy  ^\o\^  ** 
fixed,  is  divided  on  the  edge  'o» 
360°,  while  on  one  e^  which  is  mov- 
able,  there  is  a  marlc.  r,  to  indicate 
its  rotation.     D   and  E  reprweni 
the  two  pieces  of  the  nucromeier 
on  a  larger  scale.     On  E  thrt     j 
are  two  uprights  connected  by  1 
horizontal  axis,  on  which  is  a^«} 
fine  silver  wire  supporting  a  nw^* 
nctic  needle,  ab.    On  the  side  o' 


Fig.  6x0. 


the  case  there  is  a  graduated  scale,  which  indicates  the  angle  of  the  needle 
ab^  and  hence  the  torsion  of  the  wire. 

When  the  mark  c  of  the  disc  E  is  at  zero  of  the  scale  D,  the  case  is  *^'» 
arranged  that  the  wire  supporting  the  needle  and  the  zero  of  the  scak  in  the 
case  are  in  the  magnetic  meridian.  The  needle  is  then  removed  from  ^ 
stirrup,  and  replaced  by  an  exactly  similar  one  of  copper,  or  anyunmago^ 
substance  ;  the  tube,  and  with  it  the  pieces  D  and  E,  are  then  turned  so  tW 
the  needle  stops  at  zero  of  the  graduation.  The  magnetic  needle  ••/.  i**"^ 
now  replaced,  is  exactly  in  the  magnetic  meridian,  and  the  wire  eserti  a* 
torsion. 

Before  introducing  the  magnet  A,  it  is  nccessar>'  to  investigate  the  ly^^ 
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of  iKe  eartli*s  ma^etism  on  the  needle  ab^  when  the  latter  is  removed  out  of 
the  magnetic  meridian.  This  unll  vary  with  the  dimensions  and  force  of  the 
needle,  with  the  dimensions  and  nature  of  the  particular  unre  used,  and  with 
the  intensity  of  the  earth's  magnetism  in  the  place  of  observation.  Accord- 
ingly, the  piece  E  is  turned  until  at  makes  a  certain  angle  with  the  magnetic 
meridian.  Coulomb  found  in  his  experiments  that  E  had  to  be  turned  36** 
in  order  to  move  the  needle  through  i*' ;  that  is,  the  earth's  magnetism  was 
eqiuU  to  a  torsion  of  the  wire  corresponding  to  35**,  As  the  force  of  torsion 
is  proportional  to  the  angle  of  torsion,  when  the  needle  is  deflected  from  the 
meridian  by  2,  3  ,  .  ,  degrees,  the  directive  action  of  the  earth's  magnetism 
is  equal  to  2,  3  .  ,  -  times  35^ 

The  action  of  the  earth's  magnetism  having  been  determined,  the  magnet 
A  b  placed  in  the  case  so  that  similar  poles  are  opposite  each  other.  In  one 
^espesiment  Coulomb  found  that  the  pole  a  was  repelled  through  24^  Now 
llic  force  which  tended  to  bring  the  needle  into  the  magnetic  meridian 
represented  by  24°  +  24  «  35  -  864,  of  which  the  part  24^  was  due  to  the 
of  the  wire,  and  24  x  35^  was  the  equivalent  in  torsion  of  the  directive 
f  the  earth's  magnetism.  As  the  needle  w.is  in  equilibrium,  it  is  clear 
the  repulsive  force  which  counterbalanced  those  forces  must  be  equal 
The  disc  was  then  turned  until  ab  made  an  angle  of  12^  To  effect 
,  d^t  complete  rotations  of  the  disc  were  necessary.  The  total  force 
myw  tended  to  bring  the  needle  into  the  magnetic  meridian  was  com- 
posed of :— Jst,  the  12"*  of  torsion  by  which  the  needle  was  distant  from  its 
point  ;  2nd,  of  8  x  360''  -  2880,  the  torsion  of  the  wire  ;  and  jrd,  the 
of  the  earth's  magnetism,  represented  by  a  torsion  of  12  *«  35**,  Hence 
jflbrccs  of  torsion  which  balance  the  repulsive  forces  exerted  at  a  distance 
I*  And  of  1 2*'  are — 


24^ 

12** 


864 


_^Now,  3312  Is  very  nearly  four  times  864  ;  hence  for  half  the  distance  the 
«  force  is  four  times  as  great. 

il  iCatbod  of  oselUatloiis.— A  magnetic  needle  oscillating  under 

Iniloence  of  the  earth's  magnetism  may  be  considered  as  a  pendulum, 

I  the  laws  of  pendulum  motion  apply  to  it  (55).      The  method  of  oscilla- 

Hiistf  in  causing  a  magnetic   needle  to 

firmt  under  the   influence  of  the  canh*s 

!tt»m  alone,  and  then  successively  under  the 

nrr*  -"^--nftc  of  the  earth's  magnetism  and 

^^:  rl  Ht  unequal  distances. 

tou<>wing  determination  by  Coulomb  will 

\  the  me  of  U»c  method.    A  magnetic  needle 

ts^ect  which  made  15  oscillations  in  a  minute 

'  the  influence  of  the  earth's  magnetism  alone* 

.  ntt^nctic  bar  about  3  feet  long  was  then  placed 

*^n§Ciny  in  the  plane  of  the  magnetic  meridian, 

Vfc  that  iti  mirih  poJc  was  downw*ards  and  presented 

i^k  ihc  ioittb  pole  »  of  the  oscillating  needle  (tig  611)^  90  a»  to  concttr  tit  its 

VCMO  with  that  of  the  earth.     He  found  that  at  a  distance  of  4  incbea  the 


1 


hb^- 


=-j. 


Tif.  611. 


TTi 


needle  made  41  osciUatioos  in  a  tntnute,  and  at  a  distance  of  8  iodMf  24 
osciOations.  Xow,  from  the  laws  of  the  pendulum  ;  55),  the  iotcnsitiesi^tke 
forces  are  inversely  as  the  sqoares  of  the  times  of  osdBatioft.  Ucace,  if 
we  call  M  the  force  of  the  earth's  magnetism^  m  the  atoracfhe  fact  d  ^ 
mjigDet  at  the  distance  of  4  inches,  m'  at  the  distance  oC  t  iocbes*  we  haic 


UiM^m  ^I5^:4i\aiid 


eliminating  M 


or 


itt'»4i*-i5* 
w  :  iw'»4 :  I. 


15*  :  M\ 
241-15^^1456 


551-4  :  I  neairlr. 
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In  other  words,  the  force  acting  at  4  inches  is  quadrtt^c  tbat  mbkk  mXmM 
doable  the  distance* 

The  above  results  do  not  quite  agree  with  the  ninnbers  requirad  hj  ^ 
law  of  in%'erse  squares.  But  this  could  only  be  ejcpected  to  apply  ta  ibc  cut 
in  which  the  repulsive  or  attractive  force  is  exerted  between  two  poiitli^tfd 
not,  as  is  here  the  case,  between  the  resultant  of  a  system  of  poims  Astf  >* 
is  to  this  fact  that  the  discrepancy  between  the  theoretical  ami  bbKH^ 
results  is  due, 

VVTien  a  magnet  acts  upon  a  mass  of  soft  iron,  the  law  of  the  TSUJiiwn 
with  the  distance  is  modified.  The  attraction  in  this  case  is  invene^  p^ 
portional  to  the  distance  between  the  magnet  and  the  iroo- 

When  the  distance  between  the  magnet  and  the  iron  is  smalt  TjvM 
found  that  the  attraction  is  directly  proportional  to  the  square  ofllies&Pr^ 
of  the  magnet ;  but  when  the  iron  and  the  magnet  are  in  cootict,  tbo  t^ 
attraction  is  directly  proportional  to  the  strength  of  the  magnet* 

706.  Xataetle  oam^^lf  a  stout  sheet  of  paper  stretched  ovaIi^ 
be  held  over  a  horse-shoe  magnet,  and  then  some  very  fine  iron  flhP  ^ 
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curve  at  any  point  represents  the  direction  of  the  tines  of  ma^etic  force  at 
tliis  potnL 

To  render  these  curves  permanent,  the  paper  on  which  they  are  formed 
should  be  waxed  ;  if  then  a  hot  iron  plate  be  held  over  them,  this  melts  the 
«mx,  which  rises  by  capillary  attraction  ( 131)  between  the  particles  of  filings, 
jmd  on  subsequent  cooling  connects  them  together- 

These  curves  are  a  graphic  representation  of  the  law  of  magnetic  attrac- 
tion and  repulsion  with  regard  to  distance  ;  for  under  the  influence  of  the 
tmo  poles  of  the  magnet,  each  particle  becomes  itself  a  minute  magnet,  the 
poles  of  which  arrange  themselves  in  a  position  dependent  on  the  resultant 
oltlie  forces  exerted  upon  them  by  the  two  poles,  and  this  resultant  varies 
the  distance  of  the  two  poles  respectively.  A  small  magnetic  needle 
in  any  position  near  the  magnet  will  take  a  direction  which  is  the 
tt  to  the  curve  at  this  place. 

\  M«cii«tie  HellnltloiiB. — The  space  in  the  immediate  neighbourhood 
magnet  undergoes  some  change,  in  consequence  of  the  presence  of  this 
duid  such  a  space  is  spoken  of  as  a  magnetic  field  \  it  is  indeed  the 
Olfaction  of  the  magnet  ;  the  effect  produced  by  the  magnet  is  often 
I  to  be  due  to  the  magnetic  field.     Magnets  of  different  powers  produce 
ic  fields  of  different  intensities.     The  strength  of  the  field  diminishes 
disunce  from  the  magnet. 
*tht  direction  which  represents  the  resultant  of  the  magnetic  forces  at 
^ition  in  a  magnetic  field  is  spoken  of  as  the  direction  of  the  lines  of 
jWvy  of  this  field.     In  the  above  figure  the  magnetic  curves  represent  the 
4llfrctioii  of  the  lines  of  force  in  the  field  due  to  the  two  poles. 

oniform  magnetic  field  is  one  in  which  the  lines  of  force  arc  parallel. 
is  pmctically  the  case  with  a  small  portion  of  a  field  at  some  distance 
^msi  a  long  thin  magnet  of  uniform  magnetisation.  The  dipping-needle, 
vfaea  free  to  oscillate  in  a  vertical  plane  in  the  magnetic  meridian,  represents 
iW  diit*cl3O0  of  the  lines  of  force  due  to  the  terrestrial  magnetic  field.  Tlie 
aiie]is;ili  cf  the  field  due  to  this  in  any  one  place  is  uniform  in  much  the 
^■Miir  sense  10  which  gravity  is  uniform  in  any  place.  A  field  of  unit 
SEtjcnfth  is  one  whidi  acu  on  a  unit  pole  with  a  force  equal  to  that  of  a  dyne 
We  have  seen  that  in  speaking  of  the  pendulum  we  distinguish  between  a 
and  a  compound  one  (79).  The  laws  of  the  pendulum  apply  in  strict- 
only  to  the  former,  which  in  practice  cannot  be  realised,  although  we 
arrangements  which  produce  the  same  effect  as  a  simple  pendulum, 
equivalent  to  it.  So  too  in  magnetism  we  may  discriminate  between 
]  and  an  actual  magnet ;  the  former  being  considered  as  a  long, 
tliin,  bar  of  magnetised  mulecules,  to  which  only  do  the  laws  of 
action  apply,  although  they  can  be  realised  with  ordinary  magnets 
aiffident  aftpntximation.  Thub  in  the  action  of  magnets  at  a  distance 
mtf  ftssi  ill  the  magnetism  is  concentrated  in  the  poles,  provided 

ilmtll  p  ilf  the  length  of  the  magnet  may  be  disregarded  in 

with  the  distance  at  which  it  acts. 
In  a  magnet  the  magnetic  matnent  is  the  product  of  the  length  of  the 

mio  the  strength  of  one  pole. 
If  a  magnetic  body  be  placed  in  a  magnetic  field,  the  intensity  of  the 
itation  which  it  acquires  will  be  proportional  to  the  strength  of  the 
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field,  and  to  a  coefficient  which  depends  on  the  material  itself  and  which  is 
called  the  coefficient  0/ magnetic  induction.  Bodies  such  as  soft  iron,  which 
are  readily  magnetised,  are  said  to  have  great  susceptibility  to  magnetic  in- 
duction. 

708.  Total  aetloB  of  two  macB«ts  on  oaeli  otiier. — In  the  above  case 
of  the  torsion  balance  one  pole  of  the  magnet  to  be  tested  was  at  so  great 
a  distance  that  it  could  not  appreciably  modify  the  influence  of  the  other. 
When,  however,  the  conditions  are  such  that  both  poles  act,  then  they  foUov- 
a  different  law,  as  will  now  be  demonstrated. 

Let  ns  (fig.  613)  be  a  small  magnetic  needle,  free  to  move  in  a  horizonui 
plane,  and  let  NS  be  a  bar  magnet  placed  at  right  angles  to  the  magnetic 
meridian,  at  a  distance  which  is  great  compared  with  its  own  dimes- 
sions,  and  so  that  the  straight  line  drawn  through  its  middle  point  aod 
that  of  the  needle  coincides  with  the  magnetic  meridian.  In  this  case 
the  magnet  NS  is  said  to  be  broadside  on.  The  two  poles  S  and  s  will 
repel  each  other  in  the  direction  sa ;  if  mm^  is  the  repellent  force  which 

these  two  poles  would  exert  at  the  unit  distance,  then  ^^^  is  the  force  whidi 

they  would  exert  at  the  distance  Sx-r;  let  this 
force  be  represented  in  direction  and  strength  bjr 
the  line  sa.  Similarly,  the  pole  N  will  act  00  ^ 
with  a  force  represented  by  the  line  ^r ;  S  and  N 
being  at  the  same  distance  r  from  j,  sa  and **« 
equal,  and  their  resultant  may  be  represented  b>'tbc 
line  sb.  From  the  similarity  of  the  triangles  Aw 
and  NSj  we  have  the  proportion  Sj  :  SN  -tff  *  ^'  • 
if/  is  the  value  of  the  resultant  bs^  that  is  »tc 


Fig.  613.  Fig.  614. 

total  action  of  the  magnet  SN  on  the  pole  j,  and  if  /  be  half  the  length  of  :b« 
magnet  SN,  we  have  r  :  2/-'''''''  :/,  from  which  /-  -'"^'^  ^^  that  is.  the 

total  action  of  the  magnet  NS  upon  another  magnet  is  inversely  as  the  cib« 
of  the  distance  r.     '  ■ 

If  the  two  magnets  be  placed  *  end  on*  as  represented  in  n^i:,  614.  **-* 
needle  being  in  the  magnetic  meridian,   and  the  deflecting  magnet  a:  ngh: 
angles  thereto,  and  so  that  the  prolongation  of  its  axis  bisects  the  needle, thcs      ? 
if  mm^  is  the  force  with  which  the  pole  N  attracts  the  pole  j  at  the  unit  ^      . 
tance,  m  and  ///,  beinj^  the  strenj^^h  of  the  poles  in  the  bar  magnet  and  ^ 
magnetic  needle  respectively,  the  attracting  force  at  the  distance  N'  ^ 

be     -     '   ,  /  being  as  before  the  half-length  of  the  magnet,  and  r  ihediStf* 
of  the  pole  s  from  the  middle  of  the  magnet  N  S ;  in  like  manner  the  repf*^*^*      'J 
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force  with  which  S  acts  upon  s  will  be -^'^     If  ns  is  small  compared  with 

the  distance  of  the  bar  magnet  NS,  the  direction  of  these  forces  may  be 
assumed  to  be  parallel,  and  at  right  angles  to  ns.  Since  S  is  nearer  than  N 
the  repubion  will  predominate,  and  the  total  force  with  which  the  magnet 
NS  acts  on  the  pole  s  is 

•p*      niHif        tntn^ 
'{r^Jf     (rVir 

which,  assuming  that  /  is  so  small  in  comparison  with  r  that  its  square  and 
higher  powers  may  be  neglected,  gives  approximately 

F  ■■  4  fnm,  [ 
r' 

so  that  compared  with  the  first  position  of  the  magnet 

F-2/ 

709.  BetamilaatloB  of  nuMrnetUm  in  abaoliite  meaaare. — The  com- 
parisons of  the  intensity  of  the  earth's  magnetism  in  different  places  (701) 
are  only  relative.  Of  late  years  much  attention  has  been  devoted  to  the 
method  of  expressing  not  only  this,  but  all  other  magnetic  forces  in  what  is 
called  absolute  measure.  This  term  is  used  as  opposed  to  relative^  and  does 
not  imply  that  the  measure  is  absolutely  accurate,  or  that  the  units  of  com- 
parison employed  are  of  perfect  construction ;  it  means  that  the  measure- 
ments, instead  of  being  a  simple  comparison  with  an  arbitrary  quantity  of  the 
same  kind  as  that  measured,  are  referred  to  the  fundamental  units  of  time, 
length,  and  mass  (2 1 ). 

The  units  adopted  on  the  proposal  of  the  British  Association,  and  now 
almost  universally  received,  are  the  second  as  unit  of  time,  the  centimetre 
k5  unit  of  length,  and  the  gramme  as  unit  of  mass.  This  system  is  called 
the  centimetre-grammc-second,  or  C.G.S.  system,  and  units  referred  to  this 
system  are  spoken  of  as  C.G.S.  units  (61  a). 

The  manner  in  which  this  determination  is  made  in  the  case  of  magnet- 
ism, depends  essentially  on  the  observation  of  the  oscillation  of  a  horizontal 
bar  magnet  under  the  influence  of  the  earth's  magnetism  ;  and  in  the  second 
place,  on  observing  the  deflection  of  a  magnetic  needle  under  the  influence 
of  this  same  magnet. 

When  a  bar  magnet  suspended  by  a  thread  without  torsion,  free  to  oscil- 
late in  a  horizontal  plane,  is  deflected  from  its  position  of  equilibrium  and 
then  left  to  itself,  it  vibrates  backwards  and  forwards  through  its  position  of 
equilibrium,  making  oscillations  which,  if  small,  arc  isochronous  like  those  of 
the  pendulum.  The  number  of  these  oscillations  in  a  given  time  depends  on  the 
mass  and  dimensions  of  the  bar,  on  its  magnetic  power,  and  on  the  intensity  of 
the  earth's  magnetism  in  the  place  of  observation.   The  time,  /,  of  a  complete 

oscillation  of  such  a  magnet  is  represented  by  the  formula  I^Iita/     ^     ; 

where  Jk  is  the  moment  of  inertia  of  the  magnet  ;  that  is,  the  mass  which 
must  be  concentrated  at  the  unit  of  distance  from  the  centre  of  suspension, 
to  present  the  same  resistance  to  change  of  angular  velocity,  about  this  centre, 
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as  the  magnet  itself  actually  does.  The  moment  of  inertia  of  a  magnet  may 
be  determined  theoretically  if  it  be  homogeneous  in  structure,  and  of  a  re^ 
lar  geometrical  shape ;  or  it  may  be  determined  experimentally  by  frst 
observing  the  time  of  oscillation  of  the  magnet  under  the  influence  of  the 
earth's  magnetism,  and  then  the  time  when  it  has  been  loaded  with  a  mass 
the  inertia  of  which  is  known,  and  which  does  not  alter  the  magnetic  moment 
of  the  bar.  M  is  the  magnetic  moment  of  the  bar  itself,  and  H  is  the  force 
of  the  earth's  magnetism.     Hence 

HM-l^ (I). 

This  expression  gives  the  force  which,  applied  in  opposite  directions  at 
the  ends  of  a  lever  of  unit  length,  placed  at  right  angles  to  the  direction  of 
this  force,  would  have  the  same  effect  in  tending  to  turn  the  lever,  as  the 
magnetic  force  of  the  earth  has  in  tending  to  turn  the  magnet  about  a  vertical 
axis  when  it  is  set  at  right  angles  to  the  magnetic  meridian. 

Now  the  value  of  HM  depends  on  the  nature  of  the  bar,  and  on  the  force 
of  the  earth's  magnetism  in  the  place  in  question.  If  the  bar  were  mag- 
netised more  or  less  strongly,  or  if  the  same  bar  were  removed  to  a  difleicflC 
locality,  the  product  would  have  a  different  value.  We  must,  therefore,  find 
some  independent  relation  between  H  and  M,  which  will  give  rise  to  a  new 
equation,  and  thus  M,  the  magnetic  moment  of  the  bar,  would  be  got  rid  o( 
and  an  absolute  value  be  obtained  for  H. 

Such  a  relation  exists  in  the  deflection  from  the  magnetic  meridian,  whidi 
a  bar  magnet  produces  in  a  magnetic  needle. 

If,  in  the  formula  in  the  preceding  article,  we  put  M  -  2////,  then  -  *— -  ■ 

the  +  or  -  force  acting  on  cither  pole  of  the  magnetic  needle,  and,  as  borh 
poles  are  acted  on,  the  magnet  will  be  subject  to  the  action  of  a  couple,  the 

moment  of  which  will  be  expressed  by  — ^  f*-    2/'  cos  a  ;  where  a  is  theangte 

of  deflection,  /'  the  half-length  of  the  small  magnetic  needle  ;  let  M'-s*"'^- 
In  like  manner  the  earth's  magnetism  will  act  upon  the  magnetic  v^^ 
with  a  couple  the  moment  of  which  is  expressed  by  Hot'  2/' sin  a-HM 
sin  a.  Now  when  the  needle  is  in  equilibrium  these  forces  are  equal :  ib*^ 
is — 

^^)^-  cos  a-HM'  sin  a, 
from  which  '--—  -  r»  tan  a. •  * 


Combining  (i)  and  (2)  we  get  the  expression 


"-JV-.- 


k 

r*  tan  a 

an  expression  which  involves  no  other  physical  units  than  those  of  IcJ^-- 
(involved  in  k  and  r),  mass  (involved  in  k\  and  time  (involved  in  /;, «»  ^* 
the  value  of  H  can  be  expressed  in  absolute  measure. 

The  value  for  H  in  this  expression  only  gives  the  horizontal  c«n|*' 
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f  the  earth's  magnetism  ;  the  total  force  is  obtained  by  dividing  the 

of  H  by  the  cosine  of  the  angle  of  dip  for  the  place  and  time  of  ob- 

ion. 

e  numerical  value  of  H  will  depend,  moreover,  on  the  units  taken. 

e  C.G.S.  system  the  unit  of  force  is  called  a  dyne.    It  is  the  force 

acting  upon  a  granune  for  a  second  generates  a  velocity  of  a  centi- 

per  second.  The  value  of  H  at  Greenwich  for  the  year  1877,  ex- 
d  in  this  imit,  is  c  18079  ^^  ^  dyne  ;  that  is,  the  horizontal  component 
earth's  magnetism  at  this  place  acting  on  the  imit  of  magnetism,  asso- 

with  one  gramme  of  matter,  would  produce  a  velocity  of  0-18079 
letre  at  the  end  of  a  second.  The  angle  of  dip  at  this  time  and  place 
^*'  37'»  we  get  the  total  force  -0*4745  «">*•  I^  British  units— namely, 
)C,  grain,  second — be  employed,  the  unit  of  force  is  that  which  by  acting 
lecond  on  a  grain  gives  to  it  a  velocity  of  a  foot  per  second,  and  the 
agnetic  pole  is  such  that  if  placed  one  foot  from  a  second  equal  pole 

repel  it  with  a  force  equal  to  the  unit  just  defined.  To  convert  the 
of  H,  when  expressed  in  centimetres,  grammes,  and  seconds  into  the 
Jent  value  referred  to  British  units,  we  must  multiply  by  2 1  "69.  In  like 
*r  to  convert  magnetic  forces  referred  to  British  units  into  the  corre- 
ing  values  expressed  in  centimetres,  grammes,  and  seconds  we  must 

ily  by  0-0461-     '    . 
'    '  21-69 


650  On  Magnetism.  [flA- 


CHAPTER  IV. 

PROCESSES  OF  MAGNETISATION. 

710.  BKarnetUatioB. — The  various  sources  of  magnetism  are  the  in- 
fluence of  natural  or  artificial  magnets,  terrestrial  magnetism,  and  electridt)'. 
This  last  method  will  be  described  under  voltaic  electricity.  The  three  prin- 
cipal methods  of  magnetisation  by  magnets  are  known  by  the  technical  names 
of  single  touchy  separate  touchy  and  double  touch, 

711.  aKetbod  of  sinffle  tonoli. — This  consists  in  moving  the  pole  of  a 
powerful  magnet  from  one  end  to  the  other  of  the  bar  to  be  magnetised,  and 
repeating  this  operation  several  times  always  in  the  same  directioo.  The 
neutral  magnetism  is  thus  gradually  decomposed  throughout  ail  the  leQgth  of 
the  bar,  and  that  end  of  the  bar  which  was  touched  last  by  the  magnet  is 
of  opposite  polarity  to  the  end  of  the  magnet  by  which  it  has  been  ttxicbed. 
This  method  only  produces  a  feeble  magnetic  power,  and  is,  accordingly,  ool)' 
used  for  small  magnets.  It  has  further  the  disadvantage  of  frequently <i^ 
veloping  consequent  poles. 

712.  Metliod  of  separate  toaob. — This  method,  which  was  first  used  b} 
Dr.  Knight  in  1745,  consists  in  placing  the  two  opposite  poles  of  two nugnrts 
of  equal  force  in  the  middle  of  the  bar  to  be  magnetised,  and  in  moving  each 
of  them  simultaneously  towards  the  opposite  ends  of  the  bar.  Each  magnet 
is  then  placed  in  its  original  position  and  the  operation  repeated.  Afte: 
several  frictions  on  both  faces  of  the  bar  it  is  magnetised. 

In  Knight's  method  the  magnets  are  held  vertically.  Duhamel  impwec 
the  method  by  inclining  the  magnets,  as  represented  in  fig.  615  ;  and  scD 
more  by  placing  the  bar  to  be  magnetised  on  the  opposite  poles  of  two  fi»i 
magnets,  the  action  of  which  strengthens  that  of  the  movable  magnets.  Tlie 
relative  position  of  the  poles  of  the  magnets  is  indicated  in  the  figure.  1^ 
method  produces  the  most  regular  magnets. 

713.  Metliod  of  doable  touob. — In  this  method,  which  was  invented  V, 
Mitchell,  the  two  magnets  are  placed  with  their  poles  opposite  each  rtfctf 
in  tlie  middle  of  the  bar  to  be  magnetised.  But,  instead  of  moving tbe«« 
opposite  directions  towards  the  two  ends,  as  in  the  method  of  separate tooch. 
they  are  kept  at  a  fixed  distance  by  means  of  a  piece  of  wood  placed  beiwte" 
them  (fig.  615),  and  arc  simultaneously  moved  first  towards  one  end,  tb» 
from  this  to  the  other  end,  repeating  this  operation  several  times,  and  nnisfc- 
ing  in  the  middle,  taking  care  that  each  half  of  the  bar  recei\-c$  the  s*' 
number  of  frictions. 

Epinus,  in  1758,  improved  this  method  by  supporting  the  barlobcmV- 
netiscd,  as  in  the  method  of  separate  touch,  on  the  (  "         " 

powerful  magnets,  and  by  inclining  the  bars  at  an  ang 


\  opposite  poles  rf  J***     I 
nglcof  15^10:0'.  «     f 
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a  horse-shoe 


practice,  instead  of  two  bar  magnets,  it  is  usual  to  employ 
magnet  which  has  its  poles  conveniently  close  together. 

By  this  method  nf  double  touch,  powerful  magnets  are  obtained^  but  they 


^jL^ 
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avc  firequenily  consequent  poles.    As  this  would  be  objectionable  in  com- 
ss  needles,  these  are  best  magnetised  by  separate  touch. 
ri4«  Mttffiiettaatloii  l»j^  fti«  ttettaa  of  tlie  eartti.'— The  action  of  the 
on  magnetic  substances  resembles  that  of  a  ma^ct^  and  hence  the 
1  magnetism  is  constantly  tending  to  separate  the  two  magnetisms 
iron  and  in  steel.     But  as  the  coercive  force  is  very  considerable  in 
substance,  the  action  of  the  earth  is  inadequate  to  produce  mag- 
tion,  except  when  continued  for  a  long  time.     This  is  not  the  case 
iectly  soft  iron.    When  a  bar  of  this  metal  is  held  in  the  magnetic 
1  jjanillel  to  the  inclination,  the  bar  becomes  at  once  endowed  with 
magnetic  polarity.    The  lower  extremity  ts  a  north  pole,  and  if  the 
pole  of  a  small  magnetic  needle  be  approached,  it  will  be  repelled, 
\  maignetisin  is  of  course  unstable,  for  if  the  bar  be  turned  the  poles  are 
^  «s  pure  soft  iron  is  destitute  of  coercive  force. 
Ilik  ibe  bar  is  in  this  position,  a  certain  amount  of  coercive  force  may 
1  to  it  by  giving  it  several  smart  blows  vnth  a  hammer,  and  the 
fk%  for  a  short  time  the  magnetism  which  it  has  thus  obtained.     But 
'ive  force  thus  developed  is  very  small^  and  after  a  time  the  mag- 
I  disappears. 
If  a  bar  of  soft  iron  be  twisted  while  held  vertically,  or,  better,  in  the 

I  of  ihe  dip,  it  acquires  a  feeble  permanent  magnetism. 

|l  ii  this  magnetising  action  of  the  earth  which  develops  the  magnetism 

atJy  observed  in  steel  and  iron  instruments,  such  as  fire-irons,  rifles^ 

its,  railings,  gates,  lightning-conductors,  &c.,  which  remain  for  some 

lio  a  more  or  less  inclined  position.   They  become  magnetised  with  their 

I  pole  downward,  just  as  if  placed  over  the  pole  of  a  powerful  magnet. 

netiKm  of  native  black  oxide  of  iron  has  doubtless  been  produced  by 

causes  ;  the  ver>^  different  magnetic  power  of  different  specimens 

f  paitJy  attributable  to  the  diffeient  positions  of  the  veins  of  ore  with 

1 10  tllc  line  of  dip.    The  ordinary^  irons  of  commerce  arc  not  quite 

I  pouess  a  feeble  coercive  force  ;   hence  a  feeble  mAgnctic  polarity 

By  Iband  to  be  possessed  by  the  tools  in  a  smith's  shop.    Cast  iron, 

V  ttmlly  a  great  coercive  force,  and  can  be  permanently  magnetised. 

,  also,  of  wrought  iron  and  of  steel  produced  by  the  powerful 

\  of  our  ironworks  arc  found  to  be  magnetised. 

7t|.  iBooa#tlam  of  tron  ships.— The  inductive  action  of  terreslrUl  mag- 

i  opciii  the  masses  of  iron  always  found  in  ships  exerts  a  disturbing 

t  Open  the  compass  needle.     The  lacai  attraction^  as  it  is  called,  may 
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be  so  considerable  as  to  render  the  indications  of  the  needle  almost  useless 
if  it  be  not  guarded  against.  A  full  account  of  the  manner  in  which  local 
attraction  is  produced,  and  in  which  it  is  compensated,  is  inconsistent  with 
the  limits  of  this  book,  but  the  most  important  points  are  the  following  :— 

i.  A  vertical  mass  of  soft  iron  in  the  vessel,  say  in  the  bows,  would 
become  magnetised  under  the  influence  of  the  earth  ;  in  the  northern  hemi- 
sphere, the  lower  end  would  be  a  north  pole,  and  the  upper  end  a  south 
pole  ;  and  as  the  latter  may  be  assumed  to  be  nearer  the  north  pole  of  the 
compass  needle,  it  would  act  upon  it.  So  long  as  the  vessel  was  sailing  in 
the  magnetic  meridian  this  would  have  no  effect ;  but  in  any  other  direction 
the  needle  would  be  drawn  out  of  the  magnetic  meridian,  and  a  little  considera- 
tion will  show  that  when  the  ship  was  at  right  angles  to  the  magnetic  meridian 
the  effect  would  be  greatest  This  vertical  induction  would  disappear  twice 
in  swinging  the  ship  round,  and  would  be  at  its  maximum  twice  ;  hence  tbe 
deviation  due  to  this  cause  is  known  as  semicircular  deination, 

XL  Horizontal  masses  again,  such  as  deck  beams,  are  also  acted  upoo 
inductively  by  the  earth's  magnetism,  and  their  induced  magnetism  exerts 
a  disturbing  influence  upon  the  magnetic  needle.  The  effect  of  this  hori- 
zontal induction  will  disappear  when  the  ship  is  in  the  magnetic  meridian 
and  also  when  it  is  at  right  angles  thereto.  In  positions  intermediate  to  tbe 
above  the  disturbing  influence  will  attain  its  maximum.  Hence  in  svingin; 
a  ship  round  there  would  be  four  positions  of  the  ship's  head  in  which  the 
influence  would  be  at  a  maximum,  and  four  in  which  it  would  be  at  a  ouoi- 
mum.  The  effect  of  horizontal  induction  is  accordingly  spoken  of  as  fW- 
rantal  deviation. 

The  influence  of  both  these  causes,  vertical  and  horizontal  indnction. 
may  be  remedied  in  the  process  of  *  swinging  the  ship.*  This  consists  in 
comparing  the  indications  of  the  ship's  compass  with  those  of  a  standard 
compass  placed  on  shore.  The  ship  is  then  swung  round  in  various  posi- 
tions, and  by  arranging  small  vertical  and  horizontal  masses  of  soft  in»  in 
proximity  to  the  steering  compass,  positions  are  found  for  them  in  which  the 
inductive  action  of  the  earth  upon  them  quite  neutralises  the  influence  of  the 
earth's  magnetism  upon  the  ship ;  and  in  all  positions  of  the  ship,  the  com- 
pass points  in  the  same  direction  as  the  one  on  shore. 

iii.  The  extended  use  of  iron  in  ship-building,  more  especially  when  the 
frames  are  entirely  of  iron,  has  increased  the  difficulty.  In  the  process  of 
building  a  ship,  the  hammering  and  other  mechanical  operations  to  which 
it  is  subject,  while  under  the  influence  of  the  earth's  magnetism,  will  ca» 
it  to  become  to  a  certain  extent  permanently  magnetised.  The  disliihotioB 
of  the  magnetism,  the  direction  of  its  magnetic  axis,  will  depend  on  the 
position  in  which  it  has  been  built ;  it  may  or  may  not  coincide  with  the 
direction  of  the  keel.  The  vessel  becomes,  in  short,  a  huge  magnet,  iw^ 
will  exert  an  influence  of  its  own  upon  the  compass  quite  independently  ^ 
vertical  or  horizontal  induction.  The  influence  is  semicircular  \  that  is^  it 
disappears  when  the  magnetic  axis  of  the  ship  is  in  the  magnetic  roeriditf* 
and  is  greatest  at  right  angles  to  it.  It  may  be  compensated  by  two  pennancrf 
magnets  placed  near  the  compass  in  suitable  positions  found  by  trial  dunn^ 
the  process  of  swinging  the  ship.  Supposing  the  inherent  magnetism  of  the 
ship  to  have  the  power  of  drawing  the  compass  a  point  to  the  east,  tbe  com- 
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pen^ating  magnets  may  be  so  arranged  as  to  tend  to  draw  it  a  point  to  the 
»cst|  and  thus  keep  it  in  the  magnetic  meridian.  If,  however^  the  inherent 
Siaglietism  be  destroyed,  from  whatever  cause,  it  is  clear  that  the  magnets 
will  now  draw  it  aside  a  point  too  much  to  the  west.  This  is  the  source  of  a 
new  difficulty.  Jl  has  been  found  that  a  ship  which  at  the  time  of  sailing 
was  propcriy  compensated,  would,  on  returning  from  a  long  voyage,  have  its 
compasses  over-compensated.  The  buflfeting  which  the  ship  had  experienced 
bad  dcstroyetl  its  inherent  magnetism,  and  numerous  instances  are  known 
niicre  the  loss  of  a  vessel  can  be  directly  traced  lo  this  cause.  Fortunately, 
it  has  been  found  that  after  some  time  a  ship^s  magnetic  condition  is  virtu- 
illy  permanent,  and  is  unaltered  by  any  further  wear  and  tear.  The  magnet* 
max  which  it  then  retains  is  called  its  permanent  magnetism,  in  opposition 
to  the  sub-ptmianent  which  it  loses. 

The  difficulty  of  adequately  compensating  compasses,  which  is  greatly 

tncrcased  by  the  armour-plated  and  turret  ships  now  in  use,  has  induced  one 

idioot  to  throw  over  any  attempt  at  correction  ;  but  by  careful  observation 

{tlie  magnetic  condition  of  a  ship,  and  tabulating  the  errors  to  construct  a 

y  and  comparing  this  with  the  indications  of  the  compass  at  any  one 

"firoe,  the  true  course  can  be  made  out. 

In  the  Royal  Navy,  the  plan  now  adopted  is  to  combine  both  methods  r 
iite  the  errors  to  a  considerable  extent,  and  then  construct  a  table 
lllie  residual  errors. 

K«cn«tlo  smtuimti on. ^Experiment  has  shown  that  with  feeble 
pctfsin^  power  the  magnetic  force  which  can  be  imparted  to  a  steel  bar 
with  the  magnetising  force  used.  It  depends  also  on  the  number  of 
i  or  Diovements  of  the  magnetising  magnets  or  coils  ;  on  the  form  and 
\  of  the  bar,  on  its  density,  on  the  quantity  of  carbon  it  contains,  on 
119  hlfdaeiii  and  on  the  tnanner  in  which  it  is  tempered.  Vet  there  is  a  limit  to 
\  force  which  can  be  imparted  to  iron  or  steel,  and  when  this  is 
►  the  bar  is  said  to  be  saturated  or  magneiised  to  saturation,  A  bar 
i  be  magnetised  beyond  this  point,  but  this  excess  is  temporary  ; 
loally  diminishes  until  the  magnet  has  sunk  to  its  point  of  saturation. 
\  is  intelligible,  for  the  magnetisms  once  separated  tend  to  retmite, 
when  their  attractive  force  is  equal  to  that  which  opposes  their  separa- 
lioci— that  i^t  the  coercive  force  of  the  metal— equittbrium  is  attained,  and 
is  saturated.  Hence,  more  magnetism  ought  to  be  developed 
I  ih^n  they  can  retain,  in  order  that  they  may  decline  to  their  perma- 
I  of  saturation.  To  increase  the  magnetism  of  an  unsaturated  bar, 
m  leif  loeble  magnet  must  not  be  used  than  that  by  which  it  was  originally 


la  Ofder  to  attain  a  itationary  condition,  the  magnet  should  be  heated  to 
[  lor  lomc  time  after  being  magnetised  ;  it  should  then  be  rcmagnetised 
\  heated  to  boiling,  and  so  forth  :  and  after  the  last  magnetisation 
it  ilMKlld  be  boiled  for  six  hours  or  more.  Such  magnets  arc  far  more  durable 
Attft  ordinary  ones. 

717.  Miivtt««44!  batwry.— A  magnetic  hatfery  or  magaaiHe  consisU  ^ 
%  aumber  of  magnets  joined  together  by  their  similar  poles.  Sometimes 
llbajr  havtt  lh#  fiom  of  a  horse-shoe,  and  sometimes  a  rectilinear  form.  The 
tted  in  fig.  616  consists  of  five  superposed  steel  plates.     That 
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in  fig,  617  consists  of  twelve  plates,  arranged  in  three  layers  of  four  eicli* 
The  horse-shoe  form  is  best  adapted  for  supporting  a  weight,  for  Umi  bodl 
poles  are  used  at  once.  In  both  the  bars  are  magnetised  separatdx,  aad 
then  fixed  by  screws. 

The  force  of  a  magnetic  battery  consisting  of  n  similar  plati 
magnetised,  is  not  n  times  as  great  as  that  of  a  single  one,  but  is 

smaller.     These  magnets    muttuUlf 
feeble   each   other;   manifestly 
for    instance,    each    north    pole 
south  magnetism  in  the  adjacent 
pole,  and  thereby  diminishes  tome 
""^   ^  north  polarity.     The  magnetism  of  a 

which  has  formed  part  of  such  a 
wiil  be  found  to  be  materially  less  tkn  tf 
was  originally, 

Thus  Jamin  found  that  six  equal  pUM 
which  had  each  the  portative  force  if 
kilos,  only  lifted  64  kilos  when  aitaotHVd 
as  a  battery,  instead  of  to8  ;  and  wltf« 
removed  from  the  batter)%  each  of  then 
had  only  the  portative  force  9  to  10  kil* 
The  force  is  increased  by  mAkii^g  ibt 
lateral  plates  1  or  2  ccr  shorter 

than  the  one  in  the  mid  1  ^"V 

718.  Armator^A.—W  ,^wA 

^  bar  is  at  its  limit  of  sal  '  girf*' 

ally  loses  its  magnetism,     I'o  jnftat 
this,  armatures  or  keepers  are  used ;  lfc|* 
are  pieces  of  soft  iron,  A  and  B  (fig.  617),  which  are  placed  in  coottfl*'^ 
the  poles.     Acted  on  inductively,  they  become  powerful  temporary  tBtft0X 
possessing  opposite  polarity  to  that  of  the  inducing  pole  ;  they  thus  «** 

in   turn  on    the   pcnBil0< 
^ff]^^    magnetism  of  tlie  baf\  ^ 
serviiig  and  cvoi 
it. 

When  the  maffnmstl 

the  form  of  ban,  tbvf  i» 

arranged  in  pairs,  a»  ibB*! 

in  fig.   618,    with  oppaiAi 

poles  in  juxtmposittoAk  ii^ 

^'^•^'^'  the  circuit  ts  complelil  bf 

two  small  bars  of  soft  iron,  AB.     Movable  magnetic  needles,  if  ooC  dlBF^ 

down,  set  spontaneously  towards  the  magnetic  poles  of  the  cart^  ClMii^ 

ence  of  which  acts  as  a  keeper. 

A  horse-shoe  magnet  has  a  keeper  attached  to  it,  wbicli  is  nnally  ^ 
ranged  so  as  to  support  a  weight.  The  keeper  becomes  magBacIni  «^ 
the  influence  of  the  two  poles,  and  adheres  w4th  great  force :  tbe  m)^ 
which  it  can  support  being  more  than  double  that  which  a  single  polev^iM 
hold. 
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In  respect  to  this  weightt  a  singular  and  hitherto  inexplicable  phcno- 
Beiion  has  been  observed-  When  contact  is  once  made,  and  the  keeper  is 
cba/>:ed  with  its  maximum  weight,  any  further  addition 
VMild  detach  it  ;  but  if  left  in  contact  for  a  day,  an 
idditioaal  weight  may  be  added  without  detaching  it, 
and  by  slightly  increasing  the  weight  every  day  it 
oyiy  ultimately  be  brought  to  support  a  far  i:,Teater 
load  than  it  would  originally.  But  if  contact  be  once 
broken,  the  weight  it  can  now  support  does  not  much 
exceed  its  original  charge. 

It  is  advantageous  that  the  surface  of  the  magnet 
md  armatures  which  are  in  contact  should  not  be 
idamc  but  slightly  cylindrical,  so  that  they  touch  along 

III  pfoviding  a  natural  magnet  with  a  keeper,  the 

\  the  two  poles  may  first  be  approximately 

[  by  means  of  iron  61ings  ;  it  may  also  be 

Bed  by  bringing  it  near  a  magnetic  needle,  and 

Itntng  the  positions  in  which  its  action  is  greatest  *  '«■  ^'»' 

Two  poles  of  soft  iron  (fig.  6191,  each  terminating  in  a  massive  shoe, 
ea  applied  to  the  faces  corresponding  to  the  poles.  Under  the  in- 
\  ai  the  natural  magnet*  these  plates  become  magnetised,  and  if  the 
letters  A  and  B  represent  the  position  of  the  poles  of  the  natural  magnet,  the 
poles  of  the  armature  are  a  and  ^. 

719.  9«rt«tlre  force,  Wawer  of  mftimot*,—  fhe  piirtalive  force  is 
tlie  groatesl  weight  which  a  magnet  can  support.  Hacker  found  that  the 
pcsTtati^-e  Ibrce  of  a  saturated  horse-shoe  magnet,  which,  by  repeatedly  dc- 
ladnqg  the  keeper,  had  become  constant,  may  be  represented  by  the  formula 

in  vliich  P  is  the  portative  force  of  the  magnet,  p  its  own  weight,  and  a  a 
at  which  varies  with  the  nature  of  the  steel  and  the  mode  of  mag* 
Hence  a  mi^^nef  which  weighs  J,ooo  ounces  only  supports  25 
imtidi  tt  one  8  ounces  or  ^i^  as  heavy,  and  25  such  ban 

QMiort  as  muf^  i  i^Ie  one  which  is  as  heavy  as  125  of  them.     It 

\  mttttiteiial  whether  the  section  of  the  bar  is  quadratic  or  circular,  and 
Doeol'  the  legs  is  of  inconsiderable  moment ;  it  is  important,  however, 
I  migoef  be  suspended  vertically,  and  that  the  load  be  exactly  in  the 
In  Haicker's  magnets  the  value  of  a  was  10-33,  while  in  Logemann^s 
II  w$m  z%  By  arranging  together  several  thin  magnetised  plates  Jamin  con* 
stracted  bar  magnets  which  support  1 5  times  their  own  weight 

Tlic  stTenglh  of  two  bar  magnets   may  be  compared  by  the  following 
t  metbod,  which  it  known  as  Kiilp's  ctimpfnsatwn  meihodx — A  small 
tie  compasi  needle  is  placed  in  the  magnetic  meridian.     One  pole 
!  of  the  magnets  to  be  tested  is  then  placed  at  right  angles  to  the 
:  nicndian  in  the  same  plane  as  the  needle,  and  so  that  its  axis  pro* 
i  iNMild  bisect  the  needle.    The  compass  needle  is  thereby  deflected 
a  certain  angle.      The  similar  pole  of  the  other  magnet  is  then 
iifliilarly  on  the  other  side  of  the  needle,  and  a  position  found  for 
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it  in  which  it  exactly  neutralises  the  action  of  the  first  magnet ;  diat  is, 
when  the  needle  is  again  in  the  magnetic  meridian.  If  the  magnets  are  not 
too  long,  compared  with  their  distance  from  the  needle,  their  strengths  are 
approximately  as  the  cubes  of  the  distance  of  the  acting  poles  from  the 
magnetic  needle. 

720.  Olreumstaaees  wliiob  inllaenee  tbe  power  of  ouiffaeta. — ^AUbais 
do  not  attain  the  same  state  of  saturation,  for  their  coercive  force  varies. 
Twisting  or  hammering  imparts  to  iron  or  steel  a  considerable  coercive  force. 
But  the  most  powerful  of  these  influences  is  the  operation  of  tempering  (95). 
Coulomb  found  that  a  steel  bar  tempered  at  dull  redness  and  magnetised  to 
saturation,  made  ten  oscillations  in  93  seconds.  The  same  bar  tempered  at 
a  cherry-red  heat,  and  similarly  magnetised  to  saturation,  only  took  63 
seconds  to  make  ten  oscillations. 

Hence  it  would  seem,  that  the  harder  the  steel  the  greater  is  its  coercive 
force  ;  it  undergoes  magnetisation  with  much  greater  difficulty,  but  retains  it 
more  effectually.  It  appears,  however,  from  Jamin's  experiments  that  no  such 
general  rule  of  this  kind  can  be  laid  down  ;  for  each  specimen  of  steel  there 
seems,  according  to  the  proportion  of  carbon  which  it  contains,  to  be  a 
certain  degree  of  tempering  which  is  most  favourable  for  the  developmett 
of  permanent  magnetisation. 

Very  hard  steel  bars  have  the  disadvantage  of  being  very  brittle,  and  is 
the  case  of  long  thin  bars  a  hard  tempering  is  apt  to  produce  conseqncBi 
poles.  Compass  needles  are  usually  tempered  at  the  blue  heat — that  is,  aboot 
300^  C. — by  which  a  high  coercive  force  is  obtained  without  great  fr^ifaQT* 
Steel  is  magnetised  with  difficulty  even  when  placed  for  some  time  in  a  coil 
through  which  a  powerful  current  is  passing ;  soft  iron  under  these  drcon- 
stances  is  magnetised  at  once.  If  a  short  coil  covering  only  a  porti<m  of  the 
steel  bars  be  moved  backwards  and  forwards  the  magnetisation  is  ooft 
complete. 

The  hardness  of  steel,  and  the  proportion  of  carbon  which  it  contains* 
exert  an  important  influence  on  the  degree  to  which  it  can  be  magnetised. 
For  the  same  degree  of  hardness,  the  magnetisation  increases  ift-ith  the  pro- 
portion of  carbon  in  the  steel,  and  more  markedly  the  smaller  this  proportioo : 
with  the  same  proportion  of  carbon  it  increases  with  the  hardness  of  the  steel 
It  appears  probable  that  the  compound  of  iron  and  carbon  in  steel  is  the 
carrier  of  the  pennanent  magnetisation,  and  the  interjacent  partides  of  into 
the  carriers  of  the  temporary  magnetisation.  Holtz  magnetised  plates  of 
English  corset  steel  to  saturation  and  determined  their  magnetic  moment ; 
they  were  then  placed  in  dilute  hydrochloric  acid,  by  which  the  iron  •«» 
eaten  away,  and  the  magnetic  moment  determined  when  the  plate  h«d 
been  magnetised  to  saturation  after  each  such  treatment  It  wis  thus 
found  that,  with  a  diminution  in  the  proportion  of  iron,  there  was  an  increase 
in  the  magnetic  moment  for  the  unit  of  weight  Holtz  found,  however, 
that  perfectly  pure  iron  prepared  by  electrolysis  can  acquire  pennanent 
magnetism. 

Jamin  investigated  the  distribution  of  force  in  magnets  by  suspending 
from  one  arm  of  a  delicate  balance  a  small  iron  ball,  and  then  ascercaiaing 
what  force,  applied  at  the  other  arm,  was  required  to  detach  the  ball  vbes 
placed  in  contact  with  various  positions  of  the  magnet  to  be  investigated. 
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Taking  thus  a  thin  plate  magnetised  to  saturation,  it  was  found  that  the 
magnetisation  increased  with  the  thickness,  but  did  not  materially  vary 
u-ith  the  breadth  of  the  plate.  The  magnetic  force  was  developed  almost 
exclusively  at  the  ends.  The  curve  representing  the  magnetic  force  (721) 
was  convex  towards  the  poles  at  the  ends.  If  now  several  similar  plates  are 
superposed,  the  corresponding  curves  become  steeper  and  prolonged  towards 
the  middle  ;  the  magnetic  force  thus  becomes  increased.  When  the  cur\'es 
run  into  each  other  in  the  middle  the  maximum  of  the  combination  is  reached  ; 
any  additional  plates  produce  no  increase  in  the  strength.  Steel  bars  may 
also  be  magnetised  so  as  to  show  the  same  curves,  and  such  bars  and  com- 
binations of  plates  are  called  by  Jamin  normal  magnets. 

Jamin  found  that  magnetisation  extends  deeper  in  a  bar  than  has  been 
usually  supposed;  in  soft  and  annealed  steel  it  penetrates  deeply.    The 
depth  diminishes  with  the  hardness  of  the  steel  and  the  proportion  of  carbon 
it  contains.     If  plates  of  varying  thickness  are  so  thin  that  the  magnetisation 
can  entirely  penetrate  them,  the  thicker  of  these  plates  are  more  strongly  mag- 
netised by  the  same  force,  for  the  magnetisation  extends  through  a  thicker 
layer  than  the  thinner  ones  ;  if,  however,  the  plates  arc  very  thick,  they  are 
magnetised  to  the  same  extent  by  one  and  the  same  force.     With  equal  bars 
the  thickness  of  the  magnetic  layer  varies  with  the  strength  of  the  magnetising 
force.     Jamin  proved  this  by  placing  the  plates  in  dilute  sulphuric  acid  ;  he 
found  magnetisation  in  bars  which  had  been  exposed  to  the  stronger  force, 
while  those  which  had  been  more  feebly  magnetised  showed  none  when  they 
had  been  eaten  away  by  the  acid  to  the  same  extent.     He  also  showed  that 
the  magnetisation  which  had  penetrated  was  as  strong  as  that  on  the  surface. 
Holtz  has  made  some  experiments  on  the  influence  of  solid  bars  as  against 
Hollow  tubes  in  the  construction  of  permanent  steel  magnets.     The  latter  are 
to  Ijc  preferred  ;  they  are  decidedly  cheaper,  as  they  need  not  be  bored,  but 
niay  be  bent  from  steel  plates.   A  bar  and  a  tul)e  of  the  same  steel,  125  mm. 
in  length  by  13  mm.  diameter,  the  tube  being  175  mm.  thick,  were  magnetised 
to  saturation,  and  their  magnetic  moments  determined  by  the  method  of 
^iMallations  ^705),  the  tube  being  loaded  with  copper.    The  magnetism  of  the 
tube  was  to  that  of  the  bar  a^  i*6  :  i.     The  tubes  also  retained  their  mag- 
r^etisation  l)etter.     After  the  lapse  of  six  months  the  ratio  of  the  magnetisation 
•if  the  tube  was  to  that  of  the  bar  as  27  :  i.     A  niagnctiscd  steel  tube  filled 
^^th  a  soft  iron  core  had  scarcely  any  directive  force. 

Temperature, — Increase  of  temperature  always  produces  a  diminution  of 
tnagnetir  force.  If  the  changes  of  temperature  are  small  -  those  of  the  atmo- 
sphere, for  instance — the  magnet  is  not  pennancntly  altered.  Kuppfer  allowed 
^  nva;:net  to  oscillate  at  different  temperatures,  and  found  a  definite  decrease  in 
its  p'jwer  with  increased  temperature,  as  indicated  by  its  slower  oscillations.  In 
the  case  of  a  magnet  2  J  inches  in  length,  he  observed  that  with  an  increase  of 
^arh  degree  of  temperature  the  duration  of  800  oscillations  was  0-4"  longer. 
t  fir  be  the  number  of  oscillations  at  zero,  and  //,  the  number  at  /,  then 

;/  =  //,  (i  -r/;, 

^•hcre  f  is  a  constant  depending  in  each  case  on  the  magnet  used.  This 
^«'/rmula  has  an  important  application  in  the  correction  of  the  observations 
*^f  magnetic  force  which  are   made   at   different   places   and   at   ditTerent 
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temperatures,  and  which,  in  order  to  be  comparable,  must  first  be  reduced  to 
a  uniform  temperature. 

When  a  magnet  has  been  more  strongly  heated,  it  does  not  r^ain  it> 
original  force  on  cooling  to  its  original  temperature,  and  when  it  has  been 
heated  to  redness,  it  is  demagnetised.  This  was  first  shown  by  Conkoib, 
who  took  a  saturated  magnet,  heated  it  to  progressively  higher  temperatures, 
and  noted  the  number  of  oscillations  after  each  heating.  The  higher  the 
temperature  to  which  it  had  been  heated  the  slower  its  oscillations. 

A  magnet  heated  to  bright  redness  loses  its  magnetism  so  completely 
that  it  is  quite  indifferent,  not  only  towards  iron,  but  also  towards  another 
magnet,  and  this  holds  so  long  as  this  high  temperature  continues.     Incan- 
descent iron  also  does  not  possess  the  property  of  being  attracted  b>'  the 
magnet.     Hence  there  is  in  the  case  of  iron  a  magnetic  limit^  beyond  which 
it  is  unaffected  by  magnetism.     Such  a  magnetic  limit  exists  in  the  case  of 
other  magnetic  metals.    With  cobalt^  for  instance,  it  is  far  beyond  a  whiif 
heat,  for  at  the  highest  temperatures  hitherto  examined  it  is  still  magnetic  ; 
the  magnetic  limit  of  chromium  is  somewhat  below  red  heat ;  that  of  nicktl 
at  about  350°  C.  and  of  manganese  at  about  15°  to  20**  C 

A  change  of  temperature  whether  from  16®  to  100%  or  from  looP  to  j6', 
increases  the  strength  of  temporar>'  or  induced  magnetism  both  in  the  case 
of  iron  and  of  steel. 

Percussion  and  Torsion, — \Vhen  a  steel  bar  is  hammered  while  beiii? 
magnetised  it  acquires  a  much  higher  degree  of  magnetisation  than  it  would 
without  this  treatment.  Conversely  when  a  magnet  is  let  fall,  or  is  othen»i3e 
violently  disturbed,  it  loses  much  of  its  magnetisation.  Wiedemann  has  inves- 
tigated in  a  very  complete  manner  the  relations  of  torsion  and  magnetiiatirn. 
Torsion  exerts  a  great  influence  on  the  magnetisation  of  a  bar,  and  the  inter- 
esting phenomenon  has  been  obser\ed  that  torsion  influences  niagnetiji:;  in 
the  same  manner  as  magnetism  does  torsion.  Thus  the  permanent  na;- 
netisation  of  a  steel  bar  is  diminished  by  torsion,  but  not  proportionally  \^ 
the  increase  of  torsion.  In  like  manner  the  torsion  of  tuisted  iron  wi^  •=• 
diminished  by  their  being  magnetised,  though  less  so  than  in  proportion  t-'' 
their  magnetisation.  Repeated  torsions  in  the  same  direction  5C.ir:t.y 
diminish  magnetisation,  but  a  torsion  in  the  opposite  direction  produces  i 
new  diminution  of  the  magnetism.  In  a  perfectly  analogous  manner.  I^ 
pe.ited  magnetisations  in  the  same  direction  scarcely  diminish  torsi<«n.  I'l^t  1 
renewed  magnetisation  in  the  opposite  direction  does  so. 

721.  SUtributioD  of  free  marnettsm. — Coulomb  investigatci!  the  oi>-     \ 
tribution  of  magnetic  force  by  placing  a  large  magnet  in  a  vertical  po>:*^"^ 
in  the   magnetic  meridian  ;   he  then  took  a  small  magnetic   needle,  ar-^ 
having  ascertained  the  number  of  its  oscillations  under  the  influence  0!  :he 
earth's  magnetism  alone,  he  presented  it  to  different  parts  of  the  nup^e*"     f 
The  oscillations  were  fewer  as  the  needle  was  nearer  the  middle  of  the  ^'-     » 
and,  when  they  had  reached  that  position  their  number  was  the  same  a>  uncer     £ 
the  influence  of  the  earth's  magnetism  alone.     For  saturated  bars  of  t":«     -^ 
than  7  inches  in  length  the   distribution  could  always  be  expresseJ  b>  *     i: 
<  ur\'c  whose  abscissie  were  the  distances  from  the  ends  of  the  nui^-net.  ^^     r 
whose  ordinates  were  the  force  of  magiietism  at  these  points.    With  nUi.Tiei^ 
of  the  alxne  dimensions  the  poles  are  at  the  same  distance  from  the  er.^: .     : 

? 
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Coulomb  found  the  distance  to  be  1-6  inch  in  a  bar  8  inches  long.  He  also 
found  that,  with  shorter  bars,  the  distance  of  the  poles  from  the  end  is  ^  of 
the  length ;  thus  with  a  bar  of  three  inches  it  would  be  half  an  inch.  '  These 
results  presuppose  that  the  other  dimensions  of  the  bar  are  very  small  as 
compared  with  its  length,  that  it  has  a  regular  shape,  and  is  uniformly  mag- 
netised. When  these  conditions  are  not  fulfilled,  the  positions  of  the  poles 
can  only  be  determined  by  direct  trials  with  a  magnetic  needle.  With 
lozenge-shaped  magnets  the  poles  are  nearer  the  middle.  Coulomb  found 
that  these  lozenge-shaped  bars  have  a  greater  directive  force  than  rectangular 
bars  of  the  same  weight,  thickness,  and  hardness. 

A  short  magnet  is  defined  by  Coulomb  as  one  whose  length  is  not  less 
than  50  times  its  diameter. 

Kohlrausch  found  that  the  pole  of  a  magnet  as  far  as  its  action  at  a 
distance  is  concerned  is  ^  from  the  end. 

722.  WU^ym^  floAtliiir  macaeto. — ^The  reciprocal  action  of  magnetic 
poles  maybe  conveniently  illustrated  by  an  elegant  method  devised  by 
ProC  A.  M.  Mayer.  Steel  sewing  needles  are  magnetised  so  that  their 
points  are  north  poles,  and  their  eyes,  which  are  thus  south  poles,  just  pro- 
ject through  minute  cork  discs,  so  that  when  placed  in  water  the  magnets 
float  in  a  vertical  position.  If  the  north  pole  of  a  strong  magnet  is  brought 
near  a  number  of  these  floating  magnets  they  are  attracted  by  it,  and  take  up 
definite  positions,  forming  figures  which  depend  on  the  reciprocal  repulsion 
of  the  floating  magnets,  and  on  their  number.  Some  of  them  are  repre- 
sented in  fig.  620.     The  more  complex  produce  more  than  one  arrangc- 
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Fig.  620. 

mcnt  which  are  not  equally  stable,  the  letters  a,  /',  and  c  indicating  the  de- 
creasing order  of  stability.  A  slight  shock  often  causes  one  form  to  pass 
inio  another  and  more  stable  form. 

These  figures  not  only  illustrate  magnetic  actions,  but  they  sug^^est  an 
image  of  the  manner  in  which  alteration  of  molecular  groupings  may  give 
lise  to  physical  phenomena,  such  as  those  of  supcrfusion  (345)- 
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BOOK   IX. 

FRICTIONAL  ELECTRICITY. 


CHAPTER   I. 
FUNDAMENTAL    PRINCIPLES. 

723.  Sleotrioity.  Its  nature. — Electricity  is  a  powerful  physical  agent 
which  manifests  itself  mainly  by  attractions  and  repulsions,  but  also  br 
luminous  and  heating  effects,  by  violent  commotions,  by  chemical  decompo- 
sitions, and  many  other  phenomena.  Unlike  gravity,  it  is  not  inherent  id 
bodies,  but  it  is  evoked  in  them  by  a  variety  of  causes,  among  which  art 
friction,  pressure,  chemical  action,  heat  and  magnetism. 

Thales,  6  B.C.,  knew  that  when  amber  was  rubbed  with  silk,  it  acquiitd 
the  property  of  attracting  light  bodies  ;  and  from  the  Greek  form  cif  "^ 
word  (rfkfKrpov)  the  term  electricity  has  been  derived.  This  is  ncark  all 
the  knowledge  left  by  the  ancients  ;  it  was  not  until  towards  the  end  of  ifcc 
sixteenth  century  that  Dr.  Gilbert,  physician  to  Queen  Elizabeth,  $bo«tii 
that  this  property  was  not  limited  to  amber,  but  that  other  bodies,  soch  a> 
sulphur,  wax,  glass,  &c.,  also  possessed  it  in  a  greater  or  less  degree; 

724.  Bevelopment  of  electrictty  by  fHotlon. — When  a  glass  rod,  or  a 
stick  of  sealing-wax,  or  shellac,  is  held  in  the  hand,  and  is  rubbed  iriih  a 
piece  of  flannel,  or  with  the  skin  of  a  cat,  the  parts  rubbed  will  be  found  to 
have  the  property  of  attracting  light  bodies,  such  as  pieces  of  silk,  wool 
feathers,  paper,  bran,  gold  leaf,  &c.,  which,  after  remaining  a  short  time  it 
contact,  are  again  repelled.  They  are  then  said  to  have  become  eledrik^ 
In  order  to  ascertain  whether  bodies  are  electrified  or  not,  instruments  caDei 
electroscopes  are  used.  The  simplest  of  these,  the  electric  pendulum  fij- 
621),  consists  of  a  pith  ball  attached  by  means  of  a  silk  thread  to  a  ^^ 
support.  When  an  electrified  body  is  brought  near  the  pith  ball,  the  laser 
is  instantly  attracted,  but  after  momentar>'  contact  is  again  repefled  tig- 
622). 

A  solid  body  may  also  be  electrified  by  friction  with  a  liquid  or  with  « 
gas.  In  the  Torricellian  vacuum  a  movement  of  the  mercury  against  tfce 
sides  of  the  glass  produces  a  disengagement  of  electric  light  visible  in  d* 
dark  ;  a  tube  exhausted  of  air,  but  containing  a  few  drops  of  mefOir>'.  br 
comes  also  luminous  when  agitated  in  the  dark. 

If  a  quantity  of  mercury  in  a  dry  glass  vessel  be  connected  with  a  poW- 
leaf  electroscope  by  a  wire,  and  a  dry  glass  rod  be  immersed  in  ii.noiodica- 
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s  are  observed  during  the  immersion,  but  on  smartly  withdrawing  the 
the  leaves  increasingly  diverge,  attaining  their  maximum  when  the  rod 

es  the  mercury. 

Some  substances,  particularly  metals,  do  not  seem  capable  of  receiving 
electric  excitement.    When  a  rod  of  metal  is  held  in  the  hand,  and 

bed  with  silk  or  flannel,  no  electrical  effects  are  produced  in  it ;  and  bodies 
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e  divided  by  Gilbert  into  ideoeUcirics^  or  those  which  become  electrical 
friction  ;  and  anelectrics^  or  those  which  do  not  possess  this  property, 
se  distinctions  no  longer  obtain  in  any  absolute  sense  ;  under  appropriate 
iitions,  all  bodies  may  be  electrified  by  friction  (726). 
^25.  Oondnotors  and  nonoonduotors. — When  a  dry  glass  rod,  rubbed 
ne  end,  is  brought  near  an  electroscope,  that  part  only  will  be  electrified 
Ji  has  been  rubbed  ;  the  other  end  will  produce  neither  attraction  nor 
Jsion.  The  same  is  the  case  with  a  rod  of  shellac  or  of  sealing-wax. 
hese  bodies  electricity  does  not  pass  from  one  part  to  another — they  do 
zcnduct  electricity.  Experiment  shows  that,  when  a  metal  has  received 
tricity  in  any  of  its  parts,  the  electricity  instantly  spreads  over  its  entire 
ice.  Metals  are  hence  said  to  be  good  conductors  of  electricity. 
kxiies  have,  accordingly,  been  divided  into  conductors  and  nonconductors 
uulcUors,  This  distinction  is  not  absolute,  and  we  may  advantageously 
idcr  bodies  as  offering  a  resistance  to  the  pass.ige  of  electricity  which 
»  with  the  nature  of  the  substance.  Those  bodies  which  offer  little 
itance  are  thus  conductors,  .ind  those  which  offer  great  resistance  are 
ronductors  or  insulators  :  electrical  t7v/^//r//W/K  is  accordingly  the  inverse 
ectrical  resistance.  There  is  no  such  thing  as  an  absolute  nonconductor 
lectricity,  any  more  than  there  is  an  absolute  nonconductor  of  heat, 
are  to  consider  that  between  conductors  and  nonconductors  there  is  a 
niitative  and  not  a  qualitative  difference  ;  there  is  no  conductor  so  good 
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but  that  it  offers  some  resistance  to  the  passage  of  electricity,  nor  istfaexe  any 
substance  which  insulates  so  completely  but  that  it  allows  some  electrictty 
to  pass.  The  transition  from  conductors  to  nonconductors  is  gradual,  and  do 
line  of  sharp  demarcation  can  be  drawn  between  them. 

In  this  sense  we  are  to  understand  the  following  table,  in  which  bodies 
are  classed  as  conductors^  semiconductors ^  and  nonconductors  ;  those  bodies 
being  conveniently  designated  as  conductors  which,  when  applied  to  a 
charged  electroscope,  discharge  it  almost  instantaneously ;  semiconductors 
being  those  which  discharge  it  in  a  short  but  measurable  time — a  few  secoodSf 
for  instance  ;  while  nonconductors  effect  no  perceptible  discharge  in  the 
course  of  a  minute. 


Conductors. 

Metals. 

Well-burnt  charcoal. 

Graphite. 

Acids. 

Aqueous  solutions. 

Water. 

Snow. 

Vegetables. 

Animals. 

Soluble  salts. 

Linen. 

Cotton. 


Semiconductors. 

Alcohol  and  ether. 
Powdered  glass. 
Flour  of  sulphur. 
Dry  wood. 
Paper. 
Ice  at  o^ 


Nonconductors. 

Dry  oxides. 

Ice  at  -25'*C. 

Lime. 

Caoutchouc 

Air  and  dry  gases. 

Dry  paper. 

Silk. 

Diamond  and  precious 

stones. 
(;iass. 
Wax. 
Sulphur. 
Resins. 
Amber. 
SheUac. 

This  list  is  arranged  in  the  order  of  decreasing  conductivit>',  or,  what  is  the 
same  thing,  of  increasing  resistance.  The  arrangement,  however,  is  not  in- 
variable. Conductivity  depends  on  many  physical  conditions.  Glass,  (or 
example,  which  docs  not  conduct  at  any  ordinary  temperature,  does  so  at  a 
red  heat  Shellac  and  resin  do  not  insulate  so  well  when  they  arc  heated. 
Water,  which  is  a  jjood  conductor,  conducts  but  little  in  the  suie  of  ice  at 
o**,  and  ver\'  badly  at  -  25°.  Powdered  glass  and  flour  of  sulphur  cooduci 
very  well,  while  in  large  masses  they  are  nonconductors  ;  probably  because 
in  a  state  of  powder  each  particle  becomes  covered  with  a  film  of  moisture 
that  acts  as  a  conductor.  The  nonconducting  power  of  glass  is  also  grcaiK 
influenced  by  its  chemical  composition. 

Accordinj(  to  Said  Effendi,  if  the  conducting  power  of  water  be  taken  at 
1,000,  the  conducting  power  of  petroleum  is  72;  alcohol  49;  ether  40  i 
turpentine  23  ;  and  benzole  16.  Domalip  obtained  the  following  numbers 
for  the  respective  conductivities:  Water  144  ;  ether  6*3;  turpentine  1*9' 
and  benzoic  i. 

726.  Znsulatinr  bodies.  Oomnaon  reserroir. — Bad  conductors  are 
called  insulators^  for  they  are  used  as  supports  for  bodies  in  which  ekctrict> 
is  to  be  retained.  A  conductor  remains  electrified  only  so  long  as  it  is  sur- 
rounded by  insulators.     If  this  were  not  the  case,  as  soon  as  the  eteaniicd 
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ody  came  in  contact  with  the  earth,  which  is  a  good  conductor,  the  electri- 
ity  would  pass  into  the  earth,  and  difiiise  itself  through  its  whole  extent. 
In  this  account,  the  earth  has  been  named  the  common  reservoir.  A  body 
\  insulated,  by  being  placed  on  a  support  with  glass  feet,  or  on  a  resinous 
ake,  or  by  being  suspended  by  silk  threads.  No  bodies,  however,  insulate 
crfectly  ;  all  electrified  bodies  lose  their  electricity  more  or  less  rapidly 
y  means  of  the  supports  on  which  they  rest.  Glass  is  always  somewhat 
lygroscopic,  and  the  aqueous  vapour  which  condenses  on  it  affords  a 
lassage  for  the  electricity ;  the  insulating  power  of  glass  is  materially  im- 
voved  by  coating  it  with  shellac  or  copal  varnish.  Dry  air  is  a  good  insu- 
ator  ;  but  when  the  air  contains  moisture  it  conducts  electricity,  and  this  is 
he  principal  source  of  the  loss  of  electricity.  Hence  it  is  necessary,  in 
electrical  experiments,  to  rub  the  supports  with  cloths  dried  at  the  fire, 
ind  to  surround  electrified  bodies  by  glass  vessels,  containing  substances 
vhich  absorb  moisture,  such  as  chloride  of  calcium,  or  pumice  soaked  with 
sulphuric  acid. 

From  their  great  conductivity  metals  do  not  seem  to  become  electrified 
by  friction.  But  if  they  are  insulated,  and  then  rubbed,  they  give  good  indi- 
cations. This  may  be  seen  by  the  fol-       

lowing  experiment   (fig.  623).  A  brass     ^  '      =™l=TTlTgg? 

tube  is  provided  with  a  glass  handle  by 

which  it  is  held,  and   then  rubbed  with  ***    ^ 

silk  or  flannel.  On  approaching  the  metal  to  an  electrical  pendulum  (fig. 
^i;,  the  pith  ball  will  be  attracted.  If  the  metal  is  held  in  the  hand  electri- 
city is  indeed  produced  by  friction— but  it  immediately  passes  through  the 
body  into  the  ground. 

If,  too,  the  cap  of  a  gold-leaf  electroscope  be  briskly  flapped  with  a  dry 
iilk  handkerchief,  the  gold  leaves  will  diverge. 

727.  IMstlnotloB  of  tbe  twe  kinds  of  eleotrtoltj.— If  electricity  be 
de\'eloped  on  a  glass  rod  by  friction  with  silk,  and  the  rod  be  brought  near 
ui  electrical  pendulum,  the  ball  will  be  attracted  to  the  glass,  and  after 
iiomentar>'  contact  will  be  again  repelled.  Hy  this  contact  the  ball  becomes 
kctrified,  .-md  so  long  as  the  two  bodies  retain  their  electricity,  repulsion 
oUows  whenever  they  are  brought  near  each  other.  If  a  stick  of  sealing-wax 
iectrificd  by  friction  with  flannel  or  silk  be  approached  to  another  electrical 
cndulum,  the  same  effects  will  be  produced — the  ball  will  fly  towards  the 
rax,  and  after  contact  will  be  repelled.  Two  bodies,  which  have  been 
harged  with  electricity,  repel  one  another.  Hut  the  electricities  respectively 
leveloped  in  the  preceding  cases  are  not  the  same.  If,  after  the  pith  ball 
ad  been  touched  with  an  electrified  glass  rod,  an  electrified  stick  of  stealing- 
rax,  and  then  an  electrified  glass  rod,  be  alternately  approached  to  it,  the 
■ih  ball  will  be  attracted  by  the  former  and  repelled  by  the  latter.  Simi- 
irl>-,  if  the  pendulum  be  charged  by  contact  with  the  electrified  sealing- 
rax,  it  will  be  repelled  when  this  is  approached  to  it,  but  attracted  by  the 
pproach  of  the  excited  glass  rod. 

On  experiments  of  this  nature,  Uufay  first  made  the  observation  thai 
here  are  two  different  electricities  :  the  one  developed  by  the  friction  of 
[lass,  the  other  by  the  friction  of  resin  or  shellac.  To  the  tirst  the  name 
fiireous  electricity  is  given  ;  to  the  second  the  name  resinous  electricity. 
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728.  Tbaorias  of  eleotrteltj. — Two  theories  have  been  proposed  to 
account  for  the  different  effects  of  electricity.  Franklin  supposed  that  there 
exists  a  peculiar,  subtle,  imponderable  fluid,  which  acts  by  repulsion  00  its 
own  particles,  and  pervades  all  matter.  This  fluid  is  present  in  e\'ery  sub- 
stance in  a  quantity  peculiar  to  it,  and  when  it  contains  this  quantity  it  is  in 
the  natural  state,  or  in  a  state  of  equilibrium.  By  friction  certain  bodies 
acquire  an  additional  quantity  of  the  fluid,  and  are  said  to  be  ponththf 
electrified  ;  others  by  friction  lose  a  portion,  and  are  said  to  be  negatively 
electrified.  The  former  state  corresponds  to  vitreous  electricity,  and  the 
latter  to  resinous  electricity.  Positive  electricity  is  represented  by  the 
sign  + ,  and  negative  electricity  by  the  sign  - ;  a  designation  based  on 
the  algebraical  principle,  that  when  a  plus  quantity  is  added  to  an  eqoal 
minus  quantity  zero  is  produced.  So  when  a  body  containing  a  quantity  of 
positive  electricity  is  touched  with  a  body  possessing  an  equivalent  quantity 
of  negative  electricity,  a  neutral  or  zero  state  is  produced. 

The  theory  of  Symnter  assumes  that  every  substance  contains  an  indefinite 
quantity  of  a  subtle,  imponderable  matter,  which  is  called  the  electric  duid. 
This  fluid  is  formed  by  the  union  of  two  fluids — i\it  positive  and  the  negative. 
When  they  are  combined  they  neutralise  one  another,  and  the  body  is  then 
in  the  natural  or  neutral  state.  By  friction,  and  by  several  other  means, 
the  two  fluids  may  be  separated,  but  one  of  them  can  never  be  excited 
without  a  simultaneous  production  of  the  other.  There  may,  however,  be  a 
greater  or  less  excess  of  the  one  or  the  other  in  any  body,  and  it  is  then  said 
to  be  electrified  positively  or  negatively.  As  in  Franklin's  theor>',  vitreMU 
corresponds  to  positive  and  resinous  to  negative  electricity.  This  distinction 
is  merely  conventional :  it  is  adopted  for  the  sake  of  convenience,  and  there 
is  no  other  reason  why  resinous  electricity  should  not  be  called  positi^t 
electricity. 

Electricities  of  the  same  name  repel  one  another,  and  electricities  of 
opposite  kinds  attract  each  other.  The  electricities  can  circulate  frcel)'  00 
the  surface  of  certain  bodies,  which  are  called  conductors,  but  remain  coo- 
fined  to  certain  parts  of  others,  which  are  called  nonconductors. 

It  must  be  added  that  this  theory'  is  quite  hypothetical  ;  but  for  purposes 
of  instruction  its  general  adoption  is  justified  by  the  convenient  explan^tioQ 
which  it  gives  of  electrical  phenomena. 

729.  Action  of  eleotrlfled  bodies  on  eacb  otber.-— Admitting  the  tvo- 
fluid  hypothesis,  the  phenomena  of  attniction  and  repulsion  may  be  enunciated 
in  the  following  law  : — 

Two  bodies  charged  with  the  satne  electricity  repel  each  other;  two  A^^ 
charged  with  opposite  electricities  attract  each  other. 

These  attractions  and  repulsions  take  place  in  virtue  of  the  action  »bicb 
the  two  electricities  exert  on  themselves,  and  not  in  virtue  of  their  action  on 
the  particles  of  matter. 

730.  &aw  of  tbe  development  of  electricity  by  fliotiOB.— Whenc^tr 
two  bodies  are  rubbed  to;Tethcr,  the  neutral  electricity  is  decompoyed.  T«« 
electricities  arc  developed  at  the  same  time  and  in  equal  quant ities-oc< 
body  takes  positive  and  the  other  negative  electricity.  This  may  be  pro*<d 
by  the  followinj,'  experiment  devised  by  Faraday:— A  small  il.innc*i  cap 
provided  with  a  silk  thread  Cti^.  624   is  fitted  on  the  end  of  a  stoiii  n>i  « 
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shellac,  and  nibbed  round  a  few  times.  When  the  cap  is  removed  by  means 
of  the  silk  thread,  and  presented  to  a  pith  ball  pendulum  charged  with  positive 
electricity,  the  latter  will  be  repelled,  proving  that  the 
flannel  is  chaiged  with  positive  electricity  ;  while  if  the 
shellac  is  presented  to  the  pith  ball,  it  will  be  attracted, 
showing  that  the  shellac  is  charged  with  negative 
electricity.  Both  electricities  are  present  in  equal 
quantities  ;  for  if  the  rod  be  presented  to  the  electro- 
scopes before  removing  the  cap,  no  action  is  observed. 
The  electricity  developed  on  a  body  by  friction 
depends  on  the  rubber  as  well  as  the  body  rubbed. 
Thus  glass  becomes  negatively  electrified  when  rubbed  Fig.  624. 

with  cat's  skin,  but  positively  when  rubbed  with  silk. 
In  the  following  list,  which  is  mainly  due  to  Faraday,  the  substances  are 
arranged  in  such  an  order  that  each  becomes  positively  electrified  when 
nibbed  with  any  of  the  bodies  following,  but  negatively  when  rubbed  with 
any  of  those  which  precede  it : — 

I.  Cat's  skin.  5.  Glass.  9.  Wood.  13.  Resin. 

X  Flannel.  6.  Cotton.  10.  Metals.  14.  Sulphur. 

3.  Ivory.  7.  Silk.  11.  Caoutchouc.  15.  Guttapercha. 

4.  Rock  crystal.  8.  The  hand.  12.  Sealinj^-wax.  16.  Gun-cotton. 

The  nature  of  the  electricity  set  free  by  friction  depends  also  on  the 
degree  of  polish,  the  direction  of  the  friction,  and  the  temperature.  If  two 
glass  discs  of  different  degrees  of  polish  are  rubbed  against  each  other,  that 
which  is  most  polished  is  positively,  and  that  which  is  least  polished  is 
negatively  electrified.  If  two  silk  ribbons  of  the  same  kind  are  rubbed 
across  each  other,  that  which  is  transversely  rubbed  is  negatively  and  the 
other  positively  electrified.  If  two  bodies  of  the  same  substance,  of  the  same 
polish,  but  of  different  temperatures,  are  rubbed  together,  that  which  is  most 
heated  is  negatively  electrified.  Generally  speaking,  the  particles  which  are 
most  readily  displaced  are  negatively  electrized. 

Poggendorff  has  observed  that  many  substances  which  have  hitherto  been 
regarded  as  highly  negative,  such  as  gun-paper,  gun-cotton,  and  ebonite,  yield 
positive  electricity  when  rubbed  with  leather  coated  with  amalgam.  It 
mnst  be  added  that  the  results  of  experiments  on  the  kind  of  electricity  pro- 
doced  by  rubbing  bodies  together  are  somewhat  uncertain, as  slight  differences 
ia  the  surfaces  of  the  bodies  rubbed  may  completely  alter  their  deportment. 

731.  BeTelopment  of  eleotrtolty  by  pressure  and  olearace. — 
Electrical  excitement  may  be  produced  by  other  causes  than  friction.  If  a 
disc  of  wood,  covered  with  silk,  on  which  some  amalgam  has  been  rubbed, 
and  a  metal  disc,  each  provided  with  an  insulating  handle,  be  placed  in  con- 
tact, and  then  suddenly  separated,  the  metal  disc  is  negatively  electrified. 
A  crystal  of  Iceland  spar  pressed  between  the  fingers  becomes  positively 
elearified,  and  retains  this  stale  for  some  time.  The  same  property  is 
observed  in  several  other  minerals,  even  though  conductors,  provided  they 
be  insulated.  If  cork  and  caoutchouc  be  pressed  to^'cther,  the  first  becomes 
positively,  and  the  latter  negatively  electrified.  A  disc  of  wood  pressed  on 
an  orange   and  separated  tarries  away  a  good  charge  of  electricity  if  the 
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contact  be  rapidly  interrupted.  But  if  the  disc  is  slowly  removed  the  qmn- 
tity  is  smaller,  for  the  two  fluids  recombine  at  the  moment  of  their  sepuatioD. 
For  this  reason  there  is  no  apparent  effect  when  the  two  bodies  pressed 
together  are  good  conductors. 

The  contact  of  heterogeneous  bodies  is  no  doubt  the  source  of  electridt)*. 
Pressure  and  friction  are  but  particular  cases  ;  in  the  former  case  the  coo- 
tact  is  closer  and  in  the  latter  case  the  surfaces  are  being  continually  renewed, 
and  the  effect  is  the  same  as  if  there  were  a  series  of  rapidly  succeeding 
contacts. 

Cleavage  also  is  a  source  of  electricity.  If  a  plate  ot  mica  be  rapidly 
split  in  the  dark,  a  slight  phosphorescent  light  is  perceived.  Becqoerel 
fixed  glass  handles  to  each  side  of  a  plate  of  mica,  and  then  rapidly  separated 
them.  On  presenting  each  of  the  plates  thus  separated  to  an  electroscope, 
he  found  that  one  was  negatively  and  the  other  positively  electrified.  If  > 
stick  of  sealing-wax  be  broken,  the  ends  exhibit  different  electricities. 

All  badly  conducting  crystalline  substances  exhibit  electrical  indicatioDS 
by  cleavage.  The  separated  plates  are  always  in  opposite  electrical  condi- 
tions, provided  they  are  not  good  conductors  :  for  if  they  were,  the  separa- 
tion would  not  be  sufficiently  rapid  to  prevent  the  recombination  of  die  tio 
electricities.  To  the  phenomena  here  described  is  due  the  luminous  appear- 
ance seen  in  the  dark  when  sugar  is  broken.  If  sulphur  or  resin  be  meted 
in  glass  vessels  and  a  glass  rod  be  placed  in  the  melted  mass,  on  cooliog 
the  solid  mass  can  be  lifted  out,  and  will  be  found  to  be  negatively  electriwd. 
732.  Pyroeleotrlolty. — Certain  minerals,  when  warmed,  acquire  electri- 
cal properties  :  a  phenomenon  to  which  the  name  pyraelectricity  is  given. 
B  It  is  best  studied  in  iounnaiine,  in  which  it  was  first  discoveit<* 

from  the  fact  that  this  mineral  has  the  power  of  first  attracting 
and  then  repelling  hot  ashes  when  placed  among  them. 

To  observe  this  phenomenon,  a  crystal  of  tourmalin* 
(fig.  625)  is  suspended  horizontally  by  a  silk  thread,  in  a  gia^ 
cylinder  placed  on  a  heated  metal  plate,  or  in  an  ordinary'  boi 
air  bath.  On  subsequently  investigating  the  electric  conditioB 
of  the  ends  by  approaching  to  them  successively  an  clcctrifif^ 
glass  rod,  one  end  will  be  found  to  be  positively  electrified,  aw* 
the  other  end  negatively  electrified,  and  each  end  shows  ih>* 
polarity  as  long  as  the  temperature  rises.  The  arranj^cmecl  0* 
the  electricity  is  thus  like  that  of  the  magnetism  in  a  magrx*- 
The  points  at  which  the  intensity  of  free  electricity*  is  greaie* 
are  called  the  poles,  and  the  line  connecting  them  is  ihtfl^'t^- 
axis.  When  a  tourmaline,  while  thus  electrified,  is  brDkcn  io 
the  middle,  each  of  the  pieces  has  its  two  poles,  and  the  polarity  of  the 
broken  ends  is  opposite,  resembling  thus  the  experiment  of  the  brokcc 
magnets  (685).  The  quantities  of  electricity  produced  when  tourmalin* 
is  heated  are  equal  as  well  as  opposite,  for  if  a  heated  crystal  be  suspends* 
by  an  insulating  support  inside  an  insulated  metal  cylinder,  the  outiidc  ^* 
which  is  connected  with  an  electroscope  (745),  no  divergence  in  its  lca>^s-* 
produced. 

These  polar  properties  depend  on  the  change  of  temperature.  ^^'^'<^•  ^ 
tourmaline,  which  has  l^ecome  electrical  by  being  warmed,  is  alloived  :«»«* 
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lowly,  it  first  loses  electricity,  and  then  its  polarity  becomes  reversed; 
lat  is,  the  end  which  was  positive  now  becomes  negative,  and  that  which 
as  negative  becomes  positive,  and  the  position  of  the  poles  now  remains 
nchanged  so  long  as  the  temperature  sinks.  Tourmaline  only  becomes 
^roelectric  within  certain  limits  of  temperature  ;  these  vary  somewhat  with 
le  length,  but  are  usually  between  10^  and  1 50°  C.  Below  and  above  these 
mperatures  it  behaves  like  any  other  body,  and  shows  no  polarity. 

Tourmaline  belongs  to  the  hexagonal  system,  and  usually  crystallises  in 
emihedral  forms  ;  those,  that  is  to  say,  which  are  differently  modified  at  the 
ids  of  their  crystallographical  principal  axis.  The  name  analogous  pole  is 
iven  to  that  end  A  of  the  crystal  which  shows  positive  electricity  when  the 
mperature  is  rising,  and  negative  electricity  when  it  is  sinking ;  antilogous 
ole  to  the  end  B  which  becomes  negative  by  being  heated,  and  positive  by 
dng  cooled. 

Besides  tourmaline  the  following  minerals  are  found  to  be  pyroelectric, 
hough  not  so  markedly  :  boracite,  topaz,  prehnite,  silicate  of  zinc,  scolezite, 
laenite.     And  the  following  organic  bodies  are  pyroelectric  :  cane-sugar, 
Pasteur's  salt  (racemate  of  sodium  and  ammonium),  tartrate  of  potassium,  &c. 
Sir  W.  Thomson  supposes  that  every  portion  of  tourmaline  and  other 
honihedral  crystals  possesses  a  definite  electrical  polarity,  the  intensity  of 
which  depends  on  the  temperature.    When  the  surface  is  passed  through  a 
flame  every  part  becomes  electrified  to  such  an  extent  as  to  exactly  neutralise, 
fcr  all  external  points,  the  effect  of  the  internal  polarity.  The  crystal  thus  has 
no  external  action,  nor  any  tendency  to  change  its  mode  of  electrification, 
^t  if  it  be  heated  or  cooled  the  internal  polarisation  of  each  particle  of  the 
t|iystal  is  altered,  and  can  no  longer  be  balanced  by  the  superficial  electrifica- 
tion, 50  that  there  is  a  resultant  external  action. 

A  very  convenient,  and  at  the  same  time  sensitive,  means  of  investigating 
^  action  of  crystals  is  to  sift  on  these,  after  having  been  warmed,  a  mixture 
<rfflour  of  sulphur  and  red  lead  through  a  small  cotton  sieve.  By  the  friction 
JO  sifting  the  sulphur  acquires  negative  and  the  red  lead  positive  electricity, 
and  the  powders  thus  charged  attach  themselves  to  those  parts  of  the  crystal 
*hich  have  the  opposite  electricity,  and  thus  by  their  different  colours  give 
*  once  an  image  of  its  distribution. 

Cr^'stals  of  fluor  spar  are  not  only  electrified  by  heat,  but  also  when 
*fcey  are  exposed  to  radiation  from  the  sun  and  from  the  electric  light.  Tliis 
Pfcttiomenon  is  known  as  photo-electricity. 
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CHAPTER   II. 

QUANTITATIVE  LAWS  OF  ELECTRICAL  ACTION. 

733.  Bleotrloal  qoantltj. — In  the  experiment  with  the  flannel  cap, 
described  above  (730),  each  time  the  experiment  is  made,  the  qoaotityof 
positive  electricity  produced,  which  remains  on  the  flannel,  is  equal  to  that 
of  the  negative  electricity,  which  remains  on  the  sealing>wax.  The  flanodf 
with  its  charge  of  positive  electricity,  may  be  detached,  and  if  we  work 
under  precisely  uniform  conditions,  equal  quantities  of  electricity  can  tins 
be  separated. 

If  we  All  water  from  a  constant  source  into  a  cask  by  means  of  a  measoit, 
the  quantity  added  would  be  directly  proportional  to  the  number  of  sodi 
measures.  Now,  although  in  the  above  experiment  the  quantities  of  elec- 
tricity produced  each  time  are  equal,  yet  when  the  flannel  cap  is  applW 
each  time  to  an  insulated  conductor  it  does  not  necessarily  follow  that  the 
quantity  of  electricity  imparted  each  time 
is  directly  proportional  to  the  number  of 
such  applications. 

On  the  C.G.S.  sysicm  the  unit  guan/ity 
of  electricity  is  that  amount  which,  acting, 
at  a  distance  of  one  centimetre  across  air, 
on  a  quantity  of  electricity  of  the  same 
kind  equal  to  itself,  would  repel  it  with  a 
force  equal  to  one  dyne  (709),  and  is  called 
a  Coulomb, 

734.  &aws  of  electrical  attraotione 
and  repnlelone. — The  laws  which  regu- 
late the  attractions  and  repulsions  of  elec- 
trified bodies  may  be  thus  stated  : — 

I.  The  repulsions  or  attractions  be- 
ticecn  iii'o  electrified  bodies  are  in  the 
inverse  ratio  of  the  squares  of  their  dis- 
tance. 

I I .  The  distance  remaining  the  same^ 
the  force  of  attraction  or  repulsion  between 
two  electrified  bodies  is  directly  as  the  pro- 
duct of  the  quantities  of  electricity  with 

which  they  are  charged.  ^^^'  ^^' 

These  laws  were  established  by  Coulomb,  by  means  of  the  torsion 
balance,  used  in  determining  the  laws  of  magnetic  attractions  and  rcptj'" 
sions  (704),  modified  in  accordance  with  the  requirements  of  the  case.    Tb^ 
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re,  on  the  torsion  of  which  the  method  depends,  is  so  fine  that  a  foot 
:ighs  only  ^  of  a  grain.  At  its  lower  extremity  there  is  a  fine  shellac  rod, 
•  (fig.  626),  at  one  end  of  which  is  a  small  disc  of  copper-foil,  n.  Instead 
the  vertical  magnetic  needle,  there  is  a  glass  rod,  /,  terminated  by  a  gilt 
ii  ball,  m^  which  passes  through  the  aperture  r.  The  scale  oc  is  fixed 
and  the  sides  of  the  vessel,  and  during  the  experiment  the  ball,  m,  is 
>posite  the  zero  point  o.  The  micrometer  consists  of  a  small  graduated 
>€,  <,  movable  independently  of  the  tube  </,  and  of  a  fixed  index,  a, 
lich  shows  by  how  many  degrees  the  disc  is  turned.  In  the  centre  of 
e  disc  there  is  a  small  button,  /,  to  which  is  fixed  the  wire  which  sup- 
irts  np. 

i.  The  micrometer  is  turned  until  the  zero  point  is  opposite  the  index, 
kd  the  tube  d  is  turned  until  the  knob  n  is  opposite  zero  of  the  graduated 
rde  :  the  knob  m  is  in  the  same  position,  and  thus  presses  against  n*  The 
lob  m  is  then  removed  and  electrified,  and  replaced  in  the  apparatus, 
sough  the  aperture  r.  As  soon  as  the  electrified  knob  m  touches  n^  the 
tter  becomes  electrified,  and  is  repelled,  and  after  a  few  oscillations  re- 
lains  constant  at  a  distance  at  which  the  force  of  repulsion  is  equal  to  the 
tree  of  torsion.  In  a  si>ecial  experiment  Coulomb  found  the  angle  of  tor- 
ion  between  the  two  to  be  36** ;  and  as  the  force  of  torsion  is  proportional 
>  the  angle  of  torsion,  this  angle  represents  the  repulsive  force  between  m 
nd  If.  In  order  to  reduce  the  angle  to  18°  it  was  necessary  to  turn  the  disc 
hrough  126**.  The  wire  was  twisted  126°  in  the  direction  of  the  arrow  at 
ts  upper  extremity,  and  18°  in  the  opposite  direction  at  its  lower  extremity, 
md  hence  there  was  a  total  torsion  of  144°.  On  turning  the  micrometer  in 
he  same  direction,  until  the  angle  of  deviation  was  8^®,  567°  of  torsion  was 
>eccssar>'.  Hence  the  whole  torsion  was  57 5 J.  Without  sensible  error 
hesc  angles  of  deviation  may  be  taken  at  36°,  18",  and  9** ;  and  on  comparing 
^cm  with  the  corresponding  angles  of  torsion,  36°,  144°,  and  576°,  we  see 
■^t  while  the  first  are  as 

I  :  i  :  J, 

'^  latter  arc  as 

I  :  4  :  16; 

^t  is,  that  for  a  distance  \  as  great  the  angle  of  torsion  is  4  times  as  great, 
**id  that  for  a  distance  \  as  great  the  repulsive  force  is  16  times  as  great. 

In  experimenting  with  this  apparatus  the  air  must  be  thoroughly  dr>',  in 
^cr  to  diminish,  as  far  as  possible,  loss  of  electricity.  This  is  effected  by 
PUcing  in  it  a  small  dish  containing  chloride  of  calcium. 

The  experiments  by  which  the  law  of  attraction  is  proved  are  made  in 
•>>ch  the  tame  manner,  but  the  two  balls  are  charged  with  opposite  electri- 
tilief.  A  certain  quantity  of  electricity  is  imparted  to  the  movable  ball,  by 
*tittis  of  an  insulated  pin,  and  the  micrometer  moved  until  there  is  a  certain 
•Hfe  below.  A  charge  of  electricity  of  the  opposite  kind  is  then  imparted 
to  the  fixed  balL  The  two  balls  tend  to  move  towards  each  other,  but  are 
Ptrentcd  by  the  torsion  of  the  wire,  and  the  movable  ball  remains  at  a 
<iittance  at  which  there  is  equilibrium  between  the  force  of  attraction,  which 
<iiawi  the  balls  together,  and  that  of  torsion,  which  tends  to  separate  them. 
The  micrometer  screw  is  then  turned  to  a  greater  extent,  by  which  more 
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torsion  and  a  greater  angle  between  the  two  balls  are  produced.  And  it  is 
from  the  relation  which  exists  between  the  angle  of  deflection  on  the  one 
hand,  and  the  angle  which  expresses  the  force  of  torsion  on  the  other,  tlot 
the  law  of  attraction  has  been  deduced. 

ii.  To  prove  this  second  law  let  a  charge  be  imparted  to  jw  ;  m  beiqf  ia 
contact  with  it  becomes  charged,  and  is  repelled  to  a  certain  distance  Tin 
angle  of  deflection  being  noted,  let  the  ball  m  be  touched  by  an  insolited 
but  unelectrified  ball  of  exactly  the  same  size  and  kind.  If  in  this  wa>  Wf 
the  charge  on  one  of  the  balls  is  removed  it  will  be  found  that  the  aimMiot 
of  torsion  necessary  to  maintain  the  balls  at  their  original  angular  distance 
is  half  what  it  was  before. 

The  two  laws  are  included  in  the  formula  F  -   ^^^ where  F  iSlbcfo«^ 

€  and  tf^  the  quantities  of  electricity  on  any  two  surfaces,  and  d  the  disiawe 
between  them.  Me  and  e*  are  of  opposite  electricities  the  action  is  one  « 
attraction,  while  if  they  are  the  same  it  is  a  repulsive  action. 

Coulomb  also  established  the  taw  by  the  method  of  osciUatioQS  witidi  ^ 
particularly  applicable  to  the  case  of  attraction.  His  apparatus  CQVlsitfi  rf 
an  insulated  metal  sphere  (fig,  627),  and  at  a  little  distance  a  stiort  dot  ^ 


of  shellac  hung  by  a  silk  thread  and  with  a  disc  of  mcul  foil  M  Of»e  M  t^ 
whole  being  enclosed  in  a  glass  cylinder  which  rested  on  fto  tPintolinil^ 
If  now  the  disc  is  charged  with  the  opposite  electiicity  to  chat  of  ibt  ll**^ 
and   is  removed  from  its  position  of  equilibrium,  it  will  cnjJbe  a  WM  ^ 
oscillations  before  coming  to  rest     It  can  be  proved  that  the  diaift «at^ 
sphere  acts  as  if  it  were  concentrated  at  the  centre,  and  if  d»  iieeclle  b  t^*^ 
the  distance  at  which  the  force  acts  will  be  that  from  th-  -----^  of  tlieipkC' 

to  the  thread  of  suspension.     As  in  the  case  of  magn*  tions  wc  ^ 

use  a  formula  analogous  for  the  time  of  a  sit^(le  o»cuiaiu>n  to  liiat  ^i  ^ 
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lendulum;  that  is  /-ita/  ^_,  in  which  M  is  the  moment  of  inertia  of  the 

leedle,  L  its  length,  and  F  the  force  of  attraction.  Now,  all  other  things  being 
be  same,  it  is  found  that  when  the  sphere  is  placed  at  varying  distances, 
^  and  </„  the  times  of  oscillations,  /  and  /^  vary,  and  therefore  the  force 
aries,  and  the  relation  is  established  that  Y  :¥,^iP,\d*. 

735.  AlstrlMittoB  of  eleetrlelty. — ^When  an  insulated  sphere  of  conduct- 
ig  material  is  charged  with  electricity,  the  electricity  passes  to  the  surface 
f  the  sphere,  and  forms  there  an  extremely  thin  layer.  If,  in  Coulomb's 
alance,  the  fixed  ball  be  replaced  by  another  electrified  sphere,  a  certain 
epulsion  will  be  observed.  If  then  this  sphere  be  touched  with  an  insulated 
pliere  identical  with  the  first,  but  in  the  neutral  state,  the  first  ball  will  be 
Kind  to  have  lost  half  its  electricity,  and  only  half  the  repulsion  will  be 
bserved.  By  rei>eating  this  experiment  with  spheres  of  various  substances 
olid  and  hollow,  but  all  having  the  same  sui>erficies,  the  result  will  be  the 
ame,  excepting  that,  with  imperfectly  conducting  materials,  the  time  required 
or  the  distribution  will  be  greater.  From  this  it  is  concluded  that  the  dis- 
ribution  of  electricity  depends  on  the  extent  of  the  surface,  and  not  on  the 
nass,  and,  therefore,  that  electricity  does  not  penetrate  into  the  interior,  but 
s  confined  to  the  surface.  This  conclusion  is  further  established  by  the 
following  experiments  : — 

i.  A  thin  hollow  copp>er  sphere  provided  with  an  aperture  of  about  an  inch 
in  diameter  (fig.  628),  and  placed  on  an  insulating  support,  is  charged  in  the  in- 
terior with  electricity.  When  the  carrier  ot  proof  plane  (a  small  disc  of  copper- 
foil  at  the  end  of  a  slender  glass  or  shellac  rod)  is  applied  to  the  interior, 
*nd  is  then  brought  near  an  electroscope,  no  electrical  indications  are  pro- 
duced. But  if  the  proof  plane  is  applied 
^o  the  electroscope  after  having  been  in 
contact  with  the  exterior,  a  considerable 
diverj[ence  ensues. 

The  action  of  the  proof  plane  as  a 

'^tasure  of  the  quantity  of  electricity  is 

*5  follows  : — When  it  touches  any  surface 

^«  proof  plane  becomes  confounded  with 

^e  element  touched ;    it  takes  in  some 

*«nsc  its  place  relatively  to  the  electricity, 

^  rather,  it  becomes  itself  the  element 

^  which  the  electricity  is  diffused.   Thus 

*J»en  the  proof  plane  is  removed   from 

contact  we  have  in  effect  cut  away  from 

k  surface   an    element    of   the    same 

lUdniess  and  the  same  extent  as  its  own, 

ttd  have  transferred  it  to  the  balance 

vitbout  its  losing  any  of  the  electricity 

•hich  covered  it. 

iL  A  hollow  globe,  fixed  on  an  insu- 
fatmg  support,  is  provided  with  two  hemispherical  envelopes  which  fit  closely, 
aad  can  be  separated  by  glass  handles.  The  interior  is  now  electrified  and 
the  two  hemispheres  brought  in  contact.    On  then  rapidly  removing  them 
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(fig.  629),  the  coverings  will  be  found  to  be  electrified,  while  the 
in  its  natural  condition. 


g^a 


ii'h  The  distribution  of  electricity  on  the  surface  may  also  be  shoOTi 
'  fteans  of  the  following  apparatus  : — It  consists  of  a  metal  cyB 
sulated  supports  on 
which  is  fixed  a  long 
strip  of  tin -foil  which 
can  be  rolled  up  by 
means  of  a  small  insu- 
lating handle  (fig.  630). 
A  quadrant  electro- 
meter is  fitted  in 
metallic  communica- 
tion with  the  cylinder. 
When  the  sphere  is 
rolled  up»  a  charge  b 
imparted  to  the  cylin- 
der, by  which  a  certain 
divergence  is  produced. 
On  unrolling  the  tin- 
foil this  divergence 
gradually  diminishes* 
and  increases  as  it  is 
again  rolled  up.  The 
quantity  of  electricitN 
remaining  the  same 
the  electrical  force,  on 
each  unit  of  surface,  is 
therefore  less  as  the 
surface  is  greater. 

iv*  The  following  ingenious  experiment  by  Fmday 
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B^   ring  is  6tted  on  an  insulated  support,  and  a  conical 

li  as  is  used  for  catching  butterflies,  is  fitted  to  it  (fig.  631). 

of  a  silk  thread,  the  bag  can  be 

out.     After  electrifying   the   bag, 

means  of  a  proof  plane  that  the 

n  the  exterior  ;  but  if  the  positions 

by  drawing  the   bag  inside  out, 

iterior  has  now  become  the  ex- 

:tricity  will  still  be  found  on  the 

tie  point  may  be  further  illustrated 
ent  due  to  Tcrquem.  A  bird-cage, 
netal  wire,  is  suspended  by  insu- 
ntains  cither  a  gold-leaf  electro- 
is  of  Dutch  metal,  feathers,  pith 
hen  the  cage  is  connected  with 
tachine,  the  articles  in  the  interior 
BCted,  although  strong  sparks  may 
the  outside.     Bands  of  paper  may  *^"  ^'^'' 

:  inside  ;  while  those  fixed  to  the  outside  diverged  widely.  A 
side  is  quite  unaffected  by  the  charge  or  discharge  of  the 
be  cage. 

rty  of  electricity,  of  accumulating  on  the  outside  of  bodies, 
Jie  repulsion  which  the  particles  exert  on  each  other.  Electri- 
ttantly  to  pass  to  the  surface  of  bodies,  whence  it  continually 
B,  bat  is  prevented  by  the  resistance  of  the  feebly  conducting 

lemcnt  that  electricity  resides  on  the  surface  of  bodies,  two 
ir  be  noted.  When  two  opposite  electricities  are  discharged 
^— a  phenomenon  which,  when  continuous,  forms  an  electrical 
Hscharge  is  effected  throughout  the  whole  mass  of  the  con- 
si  body  placed  inside  another  may,  if  insulated  from  it,  receive 
rtricity.  On  this  depends  the  possibility  of  electrical  experi- 
ary  rooms, 

ito  d^nsltr.— 'On  a  metal  sphere  the  distribution  of  the 
be  uniform  in  tvtxy  part,  simply  from  its  symmetr>'.  This 
»tmted  by  means  of  the  proof  plane  and  the  torsion  balance. 
•re  placed  on  an  insulating  support  is  electrified,  and 
lerent  parts  of  its  surface  with  the  proof  plane,  which  each 
I  to  the  movable  needle  of  the  torsion  balance.  As  in  all 
em  observed  is  sensibly  the  same,  it  is  concluded  that  Ute 
cb  time  receives  the  same  quantity  of  electricity.  In  the 
ifl|[mted  ellipsoid  (fig«  632)  it  is  found  that  the  distribution 
diflerent  at  diflferent  points  of  the  surface.  The  electricity 
the  most  acute  points.  This  is  demonstrated  by  succes- 
'  the  ellipsoid  at  different  parts  wiili  the  proof  plane,  and 
I  the  torsion  balance.  By  this  means  Coulomb  found 
lion  was  produced  when  the  proof  plane  had  been  in 
s  point  <i,  and  the  least  by  contact  with  Che  middle  space  i* 
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The  electric  density  or  electfic  thickness  is  the  term  used  to  trprtss 
the  quantity  of  electricity  found  at  any  moment  on  a  given  surfure.     If 

S  represents  the 
surfisure  and  Q  the 
quantity  of  elec- 
tricity on  that  sur- 
face, then,assaining 
that  the  electridty 
is  equally  distri- 
buted, its  electrical 
density     is    equal 

to  2. 

Coulomb  found, 
by  quantitative  ex- 
periments, that  in 
an     ellipsoid    the 
_  -    ^  density  of  the  eke- 

**•  ^''  tricity,  at  the  equa- 

tor of  the  ellipsoid,  is  to  that  at  the  ends  in  the  same  ratio  as  the  length  of 
the  minor  to  the  major  axis.  On  an  insulated  cylinder,  terminated  by  tio 
hemispheres,  the  density  of  the  electrical  layer  at  the  ends  is  greater  dm 
in  the  middle.  In  one  case,  the  ratio  of  the  two  densities  was  found  to  be 
as  2*3  :  I.     On  a  circular  disc  the  density  is  greatest  at  the  edges. 

737.  roroe  ontslde  an  eleetrilled  body. — The  force  F  which  a  sphere, 
charged  with  a  quantity  of  electricity  Q,  exerts  on  a  point  at  a  distanced 

from  its  centre,  is  ^  ;  this  is  equal  to  ^    if  S  is  the  area  of  the  sphere,  and 

p  the  density  of  electricity  on  the  unit  of  surface. 
Now  the  area  of  the  sphere  is  4jrR'  ;  and  if  the  distance 
d  is  equal  to  the  radius  R,  then  the  force  at  the  surface 


^  4trpR'  ^ 


4irp. 


Fig.  633. 


This  holds  also  if  the  point  considered  is  at  a  %tft 
small  distance  just  outside  the  sphere.  Let  a  small 
segment  ab  be  cut  in  a  sphere  (fig.  633).  Then  io 
action  on  a  point  p  just  inside  the  sphere  will  be  exacthr 
neutralised  by  the  action  of  the  rest  of  the  sphere  ** 
on  this  point,  since  there  is  no  electrical  force  inside  a  sphere  (735) ;  da* 
is,  the  action  of  the  two  portions  is  equal,  but  in  opposite  directions.  N** 
for  a  point/,  just  outside  the  sphere,  the  actions  will  also  be  equal, hot  ii 
the  same  directions.  But  the  total  action  of  the  whole  sphere  b  4»^ :  hence 
the  action  of  each  portion  is  half  of  this  ;  that  is,  2np. 

It  may  be  shown  in  like  manner  that  the  whole  force  of  any  closed  o«" 
ductor  is  47rp. 

On  an  insulated  conductor,  where  the  electricity  is  in  cquilibriom.* 
particle  of  electricity  will  have  no  tendenc>'  to  move  along  the  surface,  i* 
otherwise  there  would  be  no  equilibrium.  But  the  electricity  does  exert  « 
pressure  on  the  external  non-conducting  medium,  which  is  always  directed 
outwards,  and  is  called  the  electrical  tension  ot  pressure. 


Potential. 
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Lount  of  this  pressure  ts  2wp'  for  the  unit  area,  p  being  the  elec- 
liy  at  the  point  considered.  It  is  therefore  proportional  to  the 
,  the  density.  The  effect  of  this,  for  instance,  on  a  soap-bubble, 
pd  with  either  kind  of  electricity,  is  to  enlarge  it.  In  any  case 
Ification  constitutes  a  deduction  from  the  amount  of  atmospheric 
fhich  the  body  experiences  when  unelectiified. 
Itrm  electric  density  and  electrical  tension  are  often  confounded- 
fought  rather  to  be  restricted,  as  Maxwell  proposed,  to  express  the 
Brain  or  pressure  exerted  upon  a  dielectric  in  the  neighbourhood  of 
led  body  ;  a  strain  which,  if  continually  increased,  tends  to  disnip- 
irge.  Electric  tension  may  thus  be  compared  to  the  strain  on  a 
b  supporu  a  weight ;  and  the  dielectric  medium  which  can  support 
knston  and  no  more  is  said  to  have  a  certain  electrical  strength  in 
[sense  as  a  rope  which  bears  a  certain  weight  without  breaking  is 
We  a  certain  strength. 

fwtootlal.— In  the  experiment  (fig.  633),  instead  of  applying  the 
pe  directly  to  the  large  sphere^  let  the  two  be  placed  at  a  consider- 
pcc  from  each  other,  and  let  them  be  connected  by  a  long  thin  wire, 
detaching  the  small  sphere,  let  the  quantity  upon  it  be  measured 
fsion  balance  :  the  angle  of  deflection  will  show  that  this  quantity 
k  whatever  part  of  the  large  sphere  be  touched,  as  must  indeed  be 
fwing  to  symmetry  ;  but  the  amount  of  this  charge  will  be  mate- 
ptcnt  from  that  in  which  the  small  sphere  is  placed  in  direct  contact 
larger  one.  Hence  the  quantity  of  electricity  removed  differs 
I  to  the  mode  in  which  connection  is  made. 

I  ihts  experiment  be  repeated  with  the  ellipsoid^  it  will  be  found 
nrer  point  of  this  is  put  in  distant  connection  with  the  proof  sphere 
1^  Wire,  the  charge  which  the  small  sphere  acquires  is  everywhere 
I  although,  as  we  have  seen,  the  proof  sphere  would  remove  very 
ttiantities  of  electricity  according  to  the  part  where  it  touches. 
men,  we  are  dealing  with  experimental  facts  which  our  previous 
e  insufBctent  to  explain,     h  is  manifest  that  the  difference  in  the 

Ecndi  neither  on  the  total  charge  nor  on  the  density.  We  require 
ction  of  a  new  conception,  which  is  that  of  electrical  potential. 
A  ori^fitially  into  electrical  science  by  Green,  out  of  considerations 
>f  ithematicaJ  treatment  of  the  subject,  the  use  of  the  term 

^  tl  and  recommended  by  the  clearness  with  which  it  brings 

jUioii^  of  electricity  to  work. 

R  already  seen,  that  in  order  to  lift  a  certain  mass  against  the 

I  of  gravitation  (sg-62)   there  must  be   a  definite   expenditure  of 

the  equivalent  of  this  work  is  met  witli  in  the  energy  which  the 

rttam«i  or  what  is  called  the  potential  encr>jy  of  position, 

}fim  suppose  that  we  have  a  large  insulated  metal  sphere  charged 

^e  electricity,  f*nd  that,  at  a  distance  which  is  very  great  in  com- 

li  the  «izc  of  the  sphere,  there*  is  a  small  insulated  sphere  charged 

inie  kind  of  electricity.     If  now  we  move  the  small  sphere  to  any 

It  nearer  the  larger  one,  we  must  do  a  certain  amount  of  work  upon 

tunc  the  repulsion  of  the  two  electricities^ 

prk  required  to  be  done  against  electrical  forces  in  order  to  move 
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the  unit  of  positive  electricity  from  an  infinite  distance  to  a  gnren  point  io 
the  neighbourhood  of  an  electrified  conductor,  is  called  the  p&ieniud  at  this 
point.  If,  in  the  above  case,  the  larger  sphere  were  charged  with  negatitt 
electricity,  then  instead  of  its  being  needful  to  do  work  in  order  to  bring  a 
unit  of  positive  electricity  towards  it,  work  would  be  done  by  dectrical  at- 
traction, and  the  potential  of  the  point  near  the  charged  sphere  would  thus 
be  negative. 

The  potential  at  any  point  may  also  be  said  to  be  the  work  done  against 
electrical  force,  in  moving  unit  charge  of  negative  electricity  from  that  point 
to  an  infinite  distance. 

The  amount  of  work  required  to  move  the  unit  of  positive  elcctricit)- 
against  electrical  force,  from  any  one  position  to  any  other,  is  equal  to  the 
excess  of  the  electrical  potential  of  the  second  position  over  the  electrical 
potential  of  the  first.  This  is,  in  effect,  the  same  as  what  has  been  said 
above,  for  at  an  infinite  distance  the  potential  is  zero. 

We  cannot  speak  of  potential  in  the  abstract,  any  more  than  we  can 
speak  of  any  particular  height,  without  at  least  some  tacit  reference  to  a 
standard  of  level.  Thus,  if  we  say  that  such  and  such  a  place  is  500  feet 
high,  we  usually  imply  that  this  height  is  measured  in  reference  to  the  Icre! 
of  the  sea.  So,  too,  we  refer  the  longitude  of  a  place  to  some  definite 
meridian,  such  as  that  of  Greenwich,  either  expressly  or  by  implication. 

In  like  manner  we  cannot  speak  of  the  potential  of  a  mass  of  electridtr 
without,  at  least,  an  implied  reference  to  a  standard  of  potential  This 
standard  is  usually  the  earth,  which  is  taken  as  being  zero  potential  If « 
speak  of  the  potential  at  a  given  point,  the  difference  between  the  potential 
at  this  point  and  the  earth  is  referred  to. 

If,  in  the  imaginary  experiment  described  above,  we  move  the  small  sphere 
round  the  large  electrified  one  always  at  the  same  distance,  no  work  is  done 
by  or  against  it  for  the  purpose  of  overcoming  or  of  yielding  to  electrical  at- 
tractions or  repulsions,  just  as  if  we  move  a  body  at  a  certain  constant  Icvd 
above  the  earth's  surface,  no  work  is  done  upon  it  as  respects  gravitation 
An  imaginary  surface  drawn  in  the  neighbourhood  of  an  electrified  body, 
such  that  a  given  charge  of  electricity  can  be  moved  from  any  one  point  of 
it  to  any  other  without  any  work  being  done  either  by  or  against  electrical 
force,  is  said  to  be  an  equipotential  surface.  Such  a  suHace  may  be  desoribcd 
as  having  everywhere  the  same  electrical  level ;  and  the  notion  of  bodies  at 
different  electrical  levels,  in  reference  to  a  particular  standard,  is  analogoos 
to  that  of  bodies  at  different  potentials.  In  the  case  of  an  insulated  dectri- 
fied  sphere  the  successive  equipotential  surfaces  would  be  successive  shells 
of  gradually  increasing  radii,  like  the  coats  of  an  onion.  The  space  aboat 
an  electrified  body  or  electrified  system  is  called  the  electrical  field.  The 
fall  of  potential  from  one  equipotential  surface  to  another  is  most  rapid  in 
the  direction  of  the  perpendiculars  to  the  two  surfaces.  These  perpendicnlar? 
represent  the  lines  of  electrical  force ^  the  Mines  of  force'  of  Faraday,  or  the 
*  lines  of  induction  *  of  Maxwell.  On  the  surface  of  an  insulated  electrised 
sphere  at  a  distance  from  other  conductors,  these  lines  of  force  arc  petpc*' 
dicular  to  the  surface  of  the  sphere. 

As  water  only  flows  from  places  at  a  higher  le\-el  to  places  at  a  lo»<^ 
level,  so  also  electricity  only  passes  from  places  at  a  higher  to  places  at  1 


Electrical  Capacity. 

lower  potential  If  an  electrified  body  is  placed  in  conduaing  communica- 
tion with  the  earth,  electricity  will  flow  from  the  body  to  the  earth,  if  the 
body  is  at  a  higher  potential  than  the  earth  ;  and  from  the  earth  to  the  body, 
body  is  at  a  lower  potential,  and  its  flow  will  be  proportional  to  the 
:nce  of  potential.  If  the  potential  of  a  body  is  higher  than  that  of  the 
I,  It  is  said  to  have  a  positive  potential ;  and  if  at  a  lower  potential,  a 
ire  potential.  A  body  charged  w  ith  free  mgativt  eUctridty  is  one  at 
potential  than  the  earth  ;  one  charged  with  fr^  positive  electricity  is 
higher  potential. 

739'  ■leotrlcal  capacity,— The  capacity  of  any  conductor  may  be 
measured  by  the  quantity  of  electricity  which  it  can  acquire  when  placed 
in  contaa  with  a  body  which  charges  it  to  unit  electrical  potential 

Wc  may  illustrate  the  relation  between  capacity  and  potential  by  refer- 
ence to  the  analogous  phenomenon  of  heat.     In  the  interchange  of  heat 
r  between  bodies  of  diflcrent  temperatures  the  final  result  is  that  heat  only 
fttfties  from  bodies  of  higher  to  bodies  of  lower  temperature.     So  also  elec- 
only  passes  from   bodies   of  higher   to   bodies  of  lower    potential, 
itia!  i*i,  as  regards  electricity  what  temperature  is  as  regards  heat,  and 
be   called  electrical  temperature.     We   may   have  a   small 
at  at  a  very  high  temperature.     Thus  a  short  thin  wire  heated 
!nce  has  a  far  higher  heat  potent ial^  or  temperature,  than  a 
w^xm.  water.     But  the  latter  will  have  a  far  larger  quantity.    A 
of  lightning  represents  electricity  at  a  very  high  potential^  but  the 
^BiDiity  b  amalL 

Tl»  relation  between  electrical  potential  and  density  may  be  further 
Hkstnted  by  reference  to  the  head  of  water  in  a  reservoir.  The  pressure 
b  propoationa]  to  the  depth ;  the  potential  is  ever>'where  the  same.  For 
we  want  to  introduce  an  additional  pound  of  water  into  the  reser\'oir, 
niEkount  of  work  is  required  whether  the  water  be  forced  in  at  the 
or  be  poured  in  at  the  top. 
If  a  bole  be  made  very  near  the  top  of  the  reservoiri  a  quantity  of  water 
to  the  ground  would  generate  an  amount  of  heat  proportional  to 
If  the  same  quantity  escaped  through  a  hole  near  the  bottom, 
d  not  produce  so  much  heat  by  direct  fall  :  but  it  will  possess  a 
trelocity,  the  destruction  of  which  will  produce  a  quantity  of  heat 
to  that  produced  by  the  £ftll,  will  give  exactly  as  much  as 

Wbcn  the  charge  or  quantity  of  electricity  imparted  to  a  body  increases, 

» potential  increases  in  the  same  ratio  ;  so  that,  calling  12  *h«  quantity  of 

ft  C  the  capacity,  and  V  the  potential,  we  have  Q  -  C V ;  Uiat  is  to 

Ifttlkai  the  charge,  or  quantity  of  electricity  that  any  body  possesses,  is 

t  product  of  the  potential  into  the  capacity. 

Now  for  a  sphcie  whose  radius  is  R  the  potential  V  -  A  from  which  we 

i\ 

>  K  ;  thiit  is^  that  the  capacity  of  a  sphere  is  equal  to  its  radius. 

1?ik  thrrc  is  a  close  analogy  between  heat  and  electricity,  lu  regards 

*-  are  important  differences  ;  thus  the  capacity  of  a  body  for 

ficcd  by  the  temperature  (457),  being  greater  at  higher  tcm* 

,  wlitle  the  capacity  of  a  body  for  electricity  does  not  depend  on 
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the  potential.  Again,  the  calorific  capacity  depends  solely  on  the  mass  of  a 
body,  and  in  bodies  of  the  same  material  and  shape  is  proportional  to  the 
cube  of  homologous  dimensions :  the  capacity  for  electricity  is  directly  pro- 
portional to  such  dimensions,  and  not  to  the  weight  or  volume.  Calorific 
capacity  is  proportional  to  a  specific  coefficient,  which  varies  with  the 
material,  but  is  independent  of  its  shape ;  while  electrical  capacity  varies 
with  the  shape  of  a  body,  but  not  with  its  material,  provided  the  electridty 
can  move  freely  upon  it.  Calorific  capacity  is  unaffected  by  the  proximity 
of  other  bodies,  while  the  electrical  capacity  depends  on  the  position  and 
shape  of  all  the  adjacent  conductors. 

If  we  have  a  series  of  bodies  at  a  considerable  distance  firom  each  other, 
whose  capacities  and  potentials  are  respectively  ^,  ^,  ^\  &c,  and  v,  t^,  v",  Ac, 
then,  if  they  are  all  connected  by  fine  wires  of  no  capacity,  they  all  instantly 
acquire  the  same  potential  V,  which  is  determined  by  the  equation 

rv  +  ^z/f^V 


V-^ 


^+^  +  ^' 


The  analogy  of  this  to  the  equalisation  of  temperature  which  takes  place 
when  bodies  at  different  temperatures  are  mixed  together  is  directly  apfMrent 
(449).  It  may  be  further  illustrated  by  supposing  a  series  of  tubes  c^  difibeot 
diameters,  and  coimected  by  very  narrow  tubes,  but  in  which  are  stopcods 
to  cut  off  communication.  If^  while  in  this  state,  water  be  poured  into  the 
tubes  to  different  heights,  it  will  be  manifest  that  they  will  hold  very  varioQS 
quantities  of  water.  If,  however,  the  stopcocks  are  opened,  the  tubes  vOl 
still  contain  quantities  of  water  proportional  to  their  capacities,  but  the  le\tl 
or  potential  in  all  will  be  the  same. 

740.  Xeasnrement  of  oapaoity  and  potentUO. — We  may  use  Co«- 
lomb's  balance  for  the  purpose  of  measuring  the  capacity  C,  or  the  potential 
V,  of  a  body  charged  with  electricity.  For  this  purpose  the  body  in  questka 
is  placed,  by  means  of  a  long  fine  wire  of  no  capacity,  in  distant  contact  with 
a  small  neutral  insulated  sphere  of  known  radius  r.  This  small  sphere  is 
then  applied  to  the  torsion  balance,  and  its  charge  q^fv'v&  measured.  NoWt 
since  the  original  charge  on  the  sphere  is  Q  -  C V,  after  contact  with  the 
small  sphere,  which  is  neutral,  the  system  ^-ill  have  a  new  potential  or  elec- 
trical level,  z/,  such  that  CV  « (C  +  r)  v.  Restoring  now  the  small  sphere  to 
the  neutral  state,  and  repeating  the  experiment  and  the  measurement,  we  shall 
then  get  a  second  value  rv\  from  which  we  have  the  equation  Cv-  (C  f  r;  r. 

Combining  and  reducing,  we  get  the  ratio  V  »  ^^,  which,  seeing  that  rv  and 

v 

rv'  are  numerical  values,  leads  directly  to  the  desired  result 

In  like  manner  it  is  easy  to  determine  the  capacity  by  obvious  transfor- 
mations of  these  equations. 

It  will  thus  be  seen  that  this  process  of  determining  potential  is  anak^goc^ 
to  that  of  determining  temperature  by  means  of  a  thermometer ;  and  the 
proof  sphere  plays  the  part,  as  it  were,  of  an  electrical  themumuier.  It  may 
be  observed  that  in  the  case  of  heat  we  pass  from  the  conception  oi  iem^erattn 
to  that  of  quantify  of  heat,  while  with  electricity,  stxuting  u-ith  the  fact  01 
quantity,  or  charge  of  electricity,  we  arrive  at  the  conception  of  potential » 
electricity. 
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741.  »at«attal  of  a  splieM. — If  ^,  /  and  q''  are  any  masses  of  electri- 
ty  on  the  snrfiEure  of  an  insulated  conducting  sphere,  and  ddP^  and  d"  their 

^>ective  distances  from  any  point  of  the  interior  of  the  sphere,  then  ?  ? 

id  C;  arc  the  values  of  the  potentials  v,  2/,  and  1/'  which  they  would 

;verally  produce  at  this  point.    Let  the  point  in  question  be  the  centre, 
id  let  Q  be  the  sum  of  the  whole  quantities  ;  then,  V,  the  potential  of  the 

here,  equals   ^,  R  being  the  radius. 

If  there  be  a  sphere,  or  uniform  spheroidal  shell  of  matter,  which  acts 
cording  to  the  inverse  square  of  the  distance,  then  the  total  action  of  this 
•here  is  the  same  as  if  the  whole  matter  were  concentrated  at  the  centre. 
bis  was  first  proved  by  Newton  in  the  case  of  gravitation  ;  but  it  also 
>plies  to  electricity,  and  hence,  in  calculating  the  potential  at  any  point  out- 
de  a  sphere  possessing  a  uniform  charge,  we  need  only  consider  its  dis- 
ince  from  the  centre,  and  for  such  a  case  we  may  write  the  value  of  the 

otcntialV-5. 

If  a  charge  of  electricity,  Q,  be  imparted  to  two  insulated  conducting 
>{toes  whose  radii  are  respectively  r  and  f^,  and  which  are  connected  by 
I  long  fine  wire,  the  capacity  of  which  may  be  neglected,  the  electricity 
«nll  distribute  itself  over  the  two  spheres,  which  will  possess  the  charges 
?  and  q' ;  that  is,  ^  +  ^'-Q.     (i)  The  whole  system  will  be   at  the  same 

potential  V,  such  that  V  -  ^  « ?^.     (2)   Combining  these  two  equations  and 
reducing,  we  get  for  the  quantities  q  and  q'  on  each  sphere  q  =»  ,    ^^^ 

Now,  since  the  diameter  of  any  sphere  with  which  we  can  experiment  is 
B&iitcly  small  compared  with  that  of  the  earth,  it  follows  that  when  a  sphere 
IS  connected  with  the  earth  by  a  fine  wire  the  quantity  of  electricity  which 
it  retains  is  infinitely  small. 

For  the  densities  on  the  two  spheres  we  have  ^-  -  ^-  and  d'  «    -^      from 

47rr^  47r/^ 

»hich  by  equation  (2)  it  is  readily  deduced  that  d :  d'^r^  :  r;  that  is,  that 

iic  elearical  densities  on  two  spheres  in  distant  connection  are  inversely  as 

ht  radii     If,  for  instance,  a  fine  wire  be  connected  with  a  charged  insulated 

sphere,  the  distant  pointed  end  of  the  wire  may  be  regarded  as  a  sphere 

»ilh  an  infinitely  small   radius,  and  thus  the  density  upon   it  would  be 

infinitely  great. 

742.  AotioB  of  points. — We  have  just  seen  that  on  a  point  in  connection 
»ilh  a  conductor  charged  with  electricity  the  density  may  be  considered  to 
)e  mfinitely  great,  but  the  greater  the  density  the  greater  will  be  the  tendency 
rf electricity  to  overcome  the  resistance  of  the  air,  and  escape.  If  the  hand 
^  brought  near  a  point  on  an  electrified  conductor  a  slight  wind  is  felt  ;  and 
if  the  disengagement  of  electricity  takes  place  in  the  dark  a  luminous  brush 
» leen.     If  an  electrified  conductor  is  to  retain  its  electricity  all  sharp  points 
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and  edges  must  be  avoided ;  on  the  other  hand,  to  facilitate  the  outflow  of 
electricity  in  apparatus  and  experiments,  frequent  use  is  made  of  this  action 
of  points. 

743.  &OSS  of  eleotrlelty. — Experience  shows  that  electrified  bodies 
gradually  lose  their  electricity,  even  when  placed  on  insulating  supports. 
This  loss  is  mainly  due  to  the  insulating  supports.  The  charge  is  gradually 
dissipated  in  consequence  of  the  electricity  either  passing  throu^  the  sup- 
ports or  creeping  over  the  surface.  All  substances  conduct  electricity  io 
some  degree  ;  those  which  are  termed  insulators  are  simply  very  bad  con- 
ductors. An  electrified  conductor  resting  on  supports  must  therefore  lose  a 
certain  quantity  of  its  electricity — either  by  penetration  into  its  mass  or  along 
the  surface.  This  loss  of  electricity  is  a  main  cause  of  difficulty  in  eiperi- 
ments  on  the  quantitative  laws  of  electricity. 

The  loss  varies  with  the  electric  density,  and  increases  with  the  hygio- 
metric  state. 

It  does  not  seem  that  the  loss  from  this  latter  cause  is  due  to  a  direct 
conductivity  by  even  moist  air. 

Sir  W.  Thomson  ascribes  the  greater  part  of  the  loss  ot  electricity  to  the 
conducting  layer  of  moistiu*e  which  covers  the  supports ;  and  he  finds  that 
in  comparison  with  this  the  direct  loss  by  moist  air  is  inconsiderable. 

Brown  shellac  or  ebonite  is  the  best  insulator ;  glass  is  a  hygroscopic 
substance,  and  must  be  dried  with  great  care.  It  is  best  covered  with  a  thio 
layer  of  shellac  varnish,  as  has  already  been  stated. 


CHAPTER 

ION  OF  ELECTRjrjED  BODIES  ON   BODIES   IN  THE  NAILRAL  STATE. 
INDUCED  ELECTRIC1T\%      ELECTRICAL  MACHINES. 

Slectficltjr  by  inHuence  or  inductloii— An  insulated  conductor, 
ged  with  cither  kind  of  electricity,  acts  on  bodies  in  a  neutral  state 
placed  near  it  in  a  manner  analogous  to  that  of  the  action  of  a  magnet  on 
$Qh  Iroa  ;  that  is,  it  decomposes  the   neutral  fluid,  attracting  the  opposite 
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rejicijin^  the  like  kind  of  electricity.     The  action  thus  exerted  is  said  to 
place  by  inftiunce  or  induction. 
The  phenomena  of  induction  may  be  demonstrated  by  means  of  a  brass 
ler  pUced  on   an  insulating  support,  and  provided  at  its  extremities 
two  small  electric  pendulums,  which  consist  of  pith  balls  suspended  by| 
threftdf  (fig*  634)*     If  this  apparatus  is  placed  near  an  insulated  con* 
jw,  charged  with  cither  kind  of  electricity — for  instance,  the  conductor  \ 
^  la  cfectrical  machine,  which  is  charged  with   positive  electricity— the 
dectridty  of  the  cylinder  is  decomposed,  free   electricity  will   be  I 
at  each  end,  and  both  pendulums  will  diverge.   If,  while  they  still 
a  stick  of  sealing-wax,  excited  by  friction  with  flannel,  be  approached 
I  ilm  end  of  the  cylinder  nearest  the  conductor,  the  corresponding  pith 
will  be  repelled,  indicating  that  it  is  charged  with  the  same  kind  of 
fectyicity  as  the  sealing-wax— that  is,  with  negative  electricity  ;  while  if  the 
tcitrd  sealing-wax  is  brought  near  the  other  hall  it  will  be  attracted,  showing 
ilat  it  ia  charged  with  positive  electricity.     If,  further,  a  glass  rod  excited 
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by  friction  with  silk,  and  therefore  charged  with  positive  electricity,  be  ap- 
proached to  the  end  nearest  the  conductor,  the  pendulum  will  be  attracted ; 
while  if  brought  near  the  other  end,  the  corresponding  pendulum  will  be  re- 
pelled. If  the  influence  of  the  charged  conductor  be  suppressed,  either  by 
removing  it,  or  placing  it  in  communication  with  the  ground,  the  separated 
electricities  will  recombine,  and  the  pendulums  exhibit  no  divergence. 

The  cause  of  this  phenomenon  is  obviously  a  decomposition  of  the  neutral 
electricity  of  the  cylinder,  by  the  free  positive  electricity  of  the  conductor ; 
the  opposite  or  negative  electricity  being  attracted  to  that  end  of  the  cylinder 
nearest  the  conductor,  while  the  similar  electricity  is  repelled  to  the  other 
end.  Between  these  two  extremities  there  is  a  space  destitute  of  free 
electricity.  This  is  seen  by  arranging  on  the  cylinders  a  series  of  pairs  of 
pith  balls  suspended  by  threads.  The  divergence  is  greatest  at  eadi 
extremity,  and  there  is  a  line  at  which  there  is  no  divergence  at  all,  which  is 
called  the  neutral  line.  The  two  electricities,  although  equal  in  quantity,  are 
not  distributed  over  the  cylinder  in  a  symmetrical  manner ;  the  attracdoo 
which  acctunulates  the  negative  electricity  at  one  end  is,  in  consequence  of 
the  greater  nearness,  greater  than  the  repulsion  which  drives  the  positive 
electricity  to  the  other  end,  and  hence  the  neutral  line  is  nearer  one  end  than 
the  other.  Nor  is  the  electricity  induced  at  the  two  ends  of  the  cylinder 
under  the  same  conditions.  That  which  is  repelled  to  the  distant  extremity 
is  free  to  escape  if  a  communication  be  made  with  the  ground ;  whilst,  on 
the  other  hand,  the  unlike  electricity  which  is  attracted  is  held  bound  or 
captive  by  the  inducing  action  of  the  electrified  body.  Even  if  contact  be 
made  with  the  ground  on  the  face  of  the  cylinder  adjacent  to  the  inducing 
body,  the  electricity  induced  on  that  face  will  not  escape.  The  repdJed 
electricity,  however,  on  the  distant  surface  is  not  thus  bound  :  it  is  free  to 
escape  by  any  conducting  channel,  and  hence  will  immediately  disappear 
wherever  contact  be  made  between  the  ground  and  the  cylinder.  Both  the  pitb 
balls  will  collapse,  and  all  signs  of  electricity  on  the  cylinder  depart  with  the 
escapeof  the  repelled  or  free  electricity.  But  now,  if  communication  with 
the  ground  be  broken,  and  the  inducing  body  be  discharged  or  removed  to  a 
considerable  distance,  the  attracted  or  bound  electricity  is  itselfsei  free,  and 
diffusing  over  the  whole  cylinder  causes  the  pith  balls  again  to  diverge,  hot 
now  with  the  opposite  electricity  to  that  of  the  original  inducing  body.  The 
reason  for  the  escape  of  the  repelled  electricity  is  as  follows : — If  the 
cylinder  be  placed  in  connection  with  the  ground,  by  metallic  contact  with 
the  posterior  extremity,  and  the  charged  conductor  be  still  placed  near 
the  anterior  extremity,  the  conductor  will  exert  its  inductive  action  as  before. 
But  it  is  now  no  longer  the  conductor  alone  which  is  influenced.  It  i$  * 
conductor  consisting  of  the  conductor  itself,  the  metallic  wire,  and  the  whole 
earth.  The  neutral  line  will  recede  indefinitely,  and,  since  the  conductor  ha* 
become  infinite,  the  quantity  of  neutral  fluid  decomposed  will  be  increased. 
Hence,  when  the  posterior  extremity  is  placed  in  contact  with  the  grooad. 
the  pendulum  at  the  anterior  extremit>'  diverges  more  widely.  If  the  con- 
necting-rod be  now  removed,  neither  the  quantity  nor  the  distribution  wiD 
be  altered  ;  and  if  the  conductor  be  removed,  or  be  discharged,  a  chifj^ 
of  negative  electricity  will  be  left  on  the  cylinder.  It  will,  in  fact,  remain 
charged  with  electricity,  the  opposite  of  that  of  the  charged  conductor.  E^ts 


If  instead  of  connecting  the  posterior  extremity  of  the  cylinder  with  the 
iQud,  any  other  part  had  been  so  connected,  the  general  result  would  have 
the  same.     All  the  parts  of  the  cylinder  would  be  diarged  wlh  nega- 
electricity,  and^  on  interrupting  the  communication  with  the  earth,  would 
ieinain  so  charged. 

Thus  a  body  can  be  charged  with  electricity  by  induction  as  well  as  by 
bondaction.  But,  in  the  latter  case,  the  charging  body  loses  part  of  its 
ficctricity,  which  remains  unchanged  in  the  former  case.  The  electricity 
mpaited  by  conduction  is  of  the  same  kind  as  that  of  the  electrified 
lody*  while  that  excited  by  induction  is  of  the  opposite  kind.  To  impart 
lectricity   by  conduction,  the   body 


be  quite  insulated  ;  while  in  the 
of  induction  it  must  be  in  con- 
lectiofi  with  the  earth— at  all  events 
iKMnentarily. 

A  body  electrified  by  induction  acts 
Esm  on  bodies  placed  near  it,  sepa- 
isg  the  two    Buids   in   a  manner 

by  the  signs  on  the  sphere. 
What  has  here  been  said  has  re- 
ICC  to  the  inductive  action  exerted 
food  conductors.  Bad  conductors 
ooit  so  e&sily  acted  upon  by  in- 
owing  to  the  great  resistance 
present  to  the  circulation  of  elec- 
rldty ;  but,  when  once  chargetl^  the 
lectric  vtate  is  more  permanent. 

This  is  analogous  to  what  is  met 
Kth  in  fnagnetism  ;  a  magnet  instan- 
tticoiisly  magnetises  a  piece  of  soft 
bon,  but  this  is  only  temporary,  and 
on  the  continuance  of  the 
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iction  of  the  magnet ;  a  magnet  magnetises  steel  with  far  greater  difficulty^ 

^  etisatifm  is  permanent. 

1 :  mental  phenomena  of  induction  may  be  conveniently  invest!* 

|Mcd  and  demonstrated  by  means  of  the  apparatus  represented  in  figure 
ijj,  vfiich  consists  of  a  narrow  cylindrical  brass  lube  BA  supported  by  an 
iMnlatn^  glass  handle  and  held  over  the  excited  cake  of  an  electro phonis 

745*  9ftr»daj'*s  esperlmeBta. — The  following  experiments  of  Faraday, 
as  'the  icepail  experiments/  are  exceDent  illustrations  of  the  opera* 
Um  of  rnduclion,  and  are  of  great  theoretical  importance  : — 

A  Gu^uUy  insulated  metal  cylinder,  A,  fig,  636,  is  connected  by  a  wire 
*«li  an  electroscope  E,  at  some  distance.  On  placing  inside  the  cylinder 
led  brass  ball  C,  which  is  small  in  comparison  with  the  size  of  the 
diarfed  with  positive  electricity ,  the  leaves  of  the  electroscope 
llv«if«  with  positive  electricity,  and  the  divergence  increases  until  a  certaia  1 
b  attained,  when  there  is  no  further  increase.  The  divergence  no\r^ 
coiiftant,  whatever  be  the  position  of  the  ball,  even  when  it  touches 
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Fig.  636. 


the  cylinder.    On  withdrawing  the  ball  it  is  found  to  be  perfectly  disdiaiged. 

Hence  the  charge  on  the  surface  is  equal  to  that  which  the  ball  had  origioaDy. 

If  while  the  ball  with  its  original  charge  is  inside  the  cylinder,  the  outside 

of  the  cylinder  is  touched  with  the  finger, 
the  leaves  of  the  electroscope  collapse, 
and  whatever  be  the  position  of  the  ball 
inside  the  cylinder,  even  if  it  touches  the 
sides,  the  electroscope  does  not  alter. 
Ifi  however,  after  touching  the  outside 
with  the  finger  the  ball  is  removed  with- 
out having  touched  the  sides,  the  gold 
leaves  will  again  diverge  to  the  same  ex- 
tent as  before,  but  the  electricity  will  am 
be  found  to  be  of  the  opposite  kind. 

It  follows  from  this  experiment  that 
the  quantity  of  electricity  prodaced  by 
induction  is  equal  to  that  of  the  iadoc- 
ing  body.  In  ordinary  cases  the  cbaige 
induced  is  less ;  but  this  arises  from 
the  fact  that  all  the  bodies  on  which  the 
induction  is  exerted  are  not  taken  'vd» 
account 
Four  such  cylinders  (fig.  637)  are  placed  concentrically  within  each  other, 
and  are  insulated  from  each  other  by  discs  of  shellac,  and  the  outer  one  i» 

connected  with  the  electroscope- 
On  introducing  the  charged  ball 
into  the  central  ca\'ity  the  leaves 
diverge  just  as  if  the  intermediate 
ones  did  not  exist.  Each  of  these 
is  charged  with  equal  quantities 
of  opposite  electricities,  all  eqoal 
in  vsdue  to  that  of  the  spbet. 
The  internal  charge  of  the  cylin- 
der is  the  same  as  if  all  the 
intermediate  cylinders  were  $»P" 
pressed,  and  the  charge  does  not  vary  even  when  the  intermediate  ones  arc 
connected  with  each  other  or  are  touched  by  the  electrified  ball  C. 

If,  while  C  is  in  its  original  condition,  the  internal  cylinder,  4,  Is  con- 
nected with  the  ground,  the  leaves  collapse,  and  the  other  c>iinders  art  tf 
the  neutral  state  ;  the  two  layers  which  remain,  positive  on  C,  and  negaii« 
on  the  adjacent  cylinder,  are  without  action  on  an  external  point.  If  any  odier 
<'ylinder  be  thus  treated  the  external  ones  are  reduced  to  the  neutral  state. 

746.  &lmlt  to  the  aotloB  of  IndwotloB. — The  inductive  action  which  aa 
electrified  body  exerts  on  an  adjacent  body  in  decomposing  its  neutral  ixi^ 
is  limited.  On  the  surface  of  the  insulated  cylinder,  which  we  have  coo- 
sidered  in  the  preceding  paragraph,  let  there  be  at  n  any  small  quantity  ^ 
neutral  electricity  (fig.  638).  The  positive  electricity  of  the  source  m  Wf^ 
decomposes  by  induction  the  neutral  electricity  in  u,  attracting  its  negaD*< 
towards  A,  and  repelling  its  positive  towards  B  ;  but  in  the  degree  in  wh^h 
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the  extremity  A  becomes  charged  with  negative  electricity,  and  the  extre- 
^^r  H  with  positive  electricity,  there  are  developed  at  A  and  B  two  forces, 
PBId  f,  which  act  in  the  opposite  direction  to  the  originaJ  force.  For  the 
loTces  /auad  f  concur  in  driving  towards  B  the  negative  fluid  of  /<,  and 
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towards  A  its  positive  fluid  Hut  as  the  inducing  force  F  which  is  exerted 
%X  m  is  constant,  while  the  forces /and/*  are  increasing,  a  time  arrives  at 
which  the  force  F  is  balanced  by  the  forces  /and  f.  All  decomposition  of 
|i)e  oeutral  condition  then  ceases  ;  the  inducing  action  has  attained  its  limit. 
If  the  cylinder  be  removed  from  the  source  of  electricity,  as  the  inducing 
letSon  decreases,  a  portion  of  the  free  electricities  at  A  and  at  B  recombine  to 
the  neutral  fluid  If,  on  the  other  hand,  they  are  brought  nearer,  as 
force  F  now  exceeds  Uie  forces  /  and  f^  a  new  decomposition  of  the 
beotraJ  fluid  takes  place,  and  fresh  quantities  of  positive  and  negative  elec- 
bidties  are  respectively  accumulated  at  A  and  B. 

747.  "WmxmAmj'm  tlieory  of  tndnctlon*— Hitherto  any  possible  influence 
«l  the  raedivim  which  separates  the  electrified  from  the  unelectrified  body  in 
Ihe  dflc  of  induction  has  been  disregarded.  It  has  been  tacitly  assumed 
itoctrical  actions  are  exerted  at  a  distance,  and  the  medium  has  been 
lootoi  upon  as  an  inert  mass  through  which  the  forces  can  act,  but  which 
ttielf  it  destitute  of  any  active  properties.  The  researches  of  Faraday,  how- 
t?er,  prove  that  this  is  not  the  case  ;  that  the  medium  is  of  fundamental  im- 
portance, and  that  the  action  is  not  an  action  at  a  distance,  or  at  any  rate 
It  DO  greater  distance  than  that  between  any  two  molecules. 

ArrorH mg  to  Faraday's  views  conductors  arc  in  a  certain  sense  qualita- 
tif?'  ■  ■    '  \  from  non  conductors.     He  looked  upon  a  non-conductor  as 

Or*  t  Tjitmhfr  of  molecules  which  may  be  spherical,  and  which  are 

^  d  are  disseminated  in  a  non-conducting   medium. 

IV  tted  body  is  either  to  separate  the  electricities  within 

feoMllecuie  and  arrange  them  in  a  polar  chain,  or  to  impart  to  the  mole- 
ofo  vhJch  are  themselves  polarised  at  the  outset  a  definite  polar  amanfre* 
imi ;  tho^e  ends  of  the  molecule  which  face  the  inducing  body  having  elec- 
tricity of  the  opposite  kind,  and  those  which  are  turned  away  from  it  having 
dectricity  of  (he  same  kind.     In  the  interior  of  the  medium,  where  sucoe^ 

KJy  '^—  '    -irivc  end  of  one  molecule  faces  the  negative  end  of  the  next, 
t  cities  neutralise  each  other  ;  but  where  the  non-conductor  is 

Poeq  oy  a  conductor  the  free  electrification  is  no  longer  neutralised,  but 
tllgts  the  charge  which  is  perceived.  The  action  is  therefore  analogous 
IQ  thai  of  the  pole  of  a  magnet  on  a  piece  of  soft  Iron  ;  and  Faraday  called  it 
ikUuMf  polaruation, 

Tlie  following  experiment   was  devised   by  Faraday   to   illustrate   ihi» 

pf  th£  medium^  as  he  called  it     He  placed  small  fl laments  of 

in  H  tfcssel  of  turpentine  (flg.  639),  and,  having  plunged  two  conducton 
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in the  liquid  on  opposite  sides,  he  charged  one  and  placed  the  other  in  coo- 
nection  with  the  ground.  The  particles  of  silk  immediately  arranged  them- 
selves end  to  end,  and  adhered 
closely  together,  forming  a  o»- 
tinuous  chain  between  the  two 
sides.  An  experiment  by  Mat- 
teucci  also  supports  Faraday's 
theory.  He  placed  several  thin 
plates  of  mica  closely  together, 
p.    g  and  provided  the  outside  ones 

with  metallic  coatings,  like  a 
fulminating  pane  (769).  Having  electrified  the  system,  the  coatings  woe 
removed  by  insulating  handles,  and  on  examining  die  plates  of  mica  succes- 
sively, each  was  found  charged  with  positive  electricity  on  one  side  asd 
negative  electricity  on  the  other. 

748.  Speoillo  InduetlTe  oapaotty. — Faraday  named  the  property  which 
bodies  have  of  transmitting  electrical  induction,  tbe  specific  inductive  a^adtj, 
or,  as  it  is  often  called,  the  inductive  power.  If  the  dielectric  does  play  the 
essential  part  in  the  phenomena  of  induction  it  is  not  likely  that  all  insa* 
lating  bodies  possess  it  in  the  same  degree.  This  seems  to  have  been  knon 
to  Cavendish.  To  determine  and  compare  the  inductive  power  Faraday 
used  the  apparatus  represented  in  ^%,  640,  and  of  which  fig.  641  represents 


Fig.  640. 


Fig.  641. 


a  vertical  section.     It  consists  of  a  brass  sphere  made  up  of  tm'o  hal\'e9' 
and  Q,  which  fit  accurately  into  each  other,  like  the  Magdeburg  hc^\. 
spheres.     In  the  interior  of  this  spherical  envelope  there  is  a  smaller  br^*^ 
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conneaed  with  a  metal  rod,  terminating  in  a  ball  B.     The  rod  is 

from  the  envelope  PQ  by  a  thick  layer  of  shellac  A.     The  space 

^es  the  substance  whose  inductive  power  is  to  be  determined.    The 

^e  apparatus  is  pro\nded  wnth  a  screw  and  stopcock,  so  that  it  can 

kd  on  the  air-pump,  and  the  air  in  mn  either  rarefied  or  exhausted. 

Uuch  apparatus  perfectly  identical  are  used,  and  at  first  ihey  only 

air*    The  envelopes  PQ  are  connected  with  the  ground^  and  the 

pf  one  of  them  receives  a  charge  of  clectricit>%     The  sphere  C  thus 

[  charged  like  the  inner  coating  of  a  Leyden  jar  (770).    The  layer  mn 

the  insulator  which  separates  the  two  coatings.     By  touching  D 

roof  plane,  which  is  then  applied  to  tlie  torsion  balance,  the  quantity 

ilectricity   is  measured.     In  one   experiment  Faraday  observed  a 

250",  which  represented  the  ix^t^  electricity  on  B.     The  knob  B 

|l  placed  in  metallic  connection  with  the  knob  B'  of  the  other  appa- 

|d  the  torsion  was  now  found  to  be  125"*,  showing  that  the  electricity 

bme  equally  distributed  on  the  two   spheres,  as  might  have  been 

pd,  since  the  pieces  of  apparatus  were  quite  equal,  and  each  contained 

space  mn. 

isnent  having  been  made,  the  space  mn  in  the  second  appa- 
fiUed  with  the  substance  whose  inductive  power  was  to  be  deter- 
r  example,  shellac.  The  other  apparatus,  in  which  mn  is  filled 
having  been  charged,  the  density  of  the  free  electricity  on  C  was 
i.  Let  it  be  taken  at  290%  the  number  observed  by  Faraday  in  a 
Ase.  When  the  knob  B  of  the  first  apparatus  was  connected  with 
\  W  of  the  second,  the  density  was  not  foimd  to  be  145**,  as  would 
feted.  The  apparatus  containing  air  exhibited  a  density  of  1 14°,  and 
\  shellac  of  1 13°  Hence  the  former  had  lost  I76^  and  had  retained 
be  the  latter  ought  to  have  exhibited  a  density  of  176^  instead  of  113°. 
pnd  apparatus  had  taken  more  than  half  the  charge,  and  hence  a 
liantity  of  electricity  had  been  condensed  by  the  shellac  Of  the 
intity  of  electricity,  the  shellac  had  taken  176"  and  the  air  114^; 
p  specific  inductive  capacity  of  air  is  to  that  of  shellac  as  1 14  :  176 ; 
b  1*55.  That  is,  the  inductive  power  of  shellac  is  more  than  half 
i&gain  as  air. 

ic  following  simple  experiment  the  influence  of  the  dielectric  may  be 
-At  a  fixed  distance  above  a  gold-leaf  electroscope  let  an  electrified 
le  placed,  by  which  a  certain  divergence  of  the  leaves  is  produced. 
be  charges  remaining  the  same,  a  disc  of  sulphur  or  of  shellac  be 
d,  the  divergence  increases^  showing  that  inductive  action  takes 
rough  ilic  sulphur  to  a  greater  extent  than  through  a  layer  of  air  of 
\  thickness. 

Irioas  methods,  the  following  numbers  have  been  obtained  for  the 
Hductive  capacity  of  ^/j^/^ftr/wj,  as  they  are  called,  in  opposition  to 
pr,  or  conductors  :— 
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acting  power,  and  with  the  resistance  and  pressure  of  the  mter- 

iiim. 

ottoB  of  eleotriflea  bodies. — The  various  phenomena  of  attrac- 

epulsion,  which  are  amopg  the  most  frequent  manifestations  of 

Lction,  may  all  be  explained  by  means  of  the  laws  of  induction. 

642)  be  a  fixed  insulated  conductor  charged  with  positive  elec- 

i   N  be  a  movable  insulated  body — ^for  instance,  an  electrical 

-there  are  three  cases  to  be  considered : — 

navable  body  is  unelecMfied  and  is  a  conductor. — In  this  case  M, 

ictively  on  N,  attracts  the  negative  and  repels  the  positive  elec- 

hat  the  maxima  of  density  are  respectively 

ts  a  and  b.     Now  a  is  nearer  c  than  it  is  to  ^  ' 

ce  attractions  and  repulsions  are  inversely     /^^^"X 

are  of  the  distance,  the  attraction  between    /  \     i^^ 

^ater  than  the  repulsion  between  b  and  c\    \  i\^r 

ore,  N  will  be  attracted  to  M  by  a  force    V  /     ^^ 

B  excess  of  the  attractive  over  the  repulsive      ^ — 

Fig.  €49. 

movable  body  is  a  conductor  and  is  electrified, — If  the  electricity 
ible  body  is  different  from  that  of  the  fixed  body,  there  is  always 

but  if  they  are  of  the  same  kind,  there  is  at  first  repulsion 
u-ds  attraction.    This  anomaly  may  be  thus  explained  :  Besides 

of  electricity,  the  neutral  electricity  is  decomposed  by  the 
f  the  positive  electricity  on  M  ;  and  consequently  the  hemisphere  b 
additional  supply  of  positive  electricity,  while  a  becomes  charged 
ive  electricity.  There  is  thus  attraction  and  repulsion,  as  in 
ng  case.  The  force  of  repulsion  is  at  first  greater,  because  the 
f  positive  electricity  on  N  is  greater  than  that  of  negative ; 
iistance  ac  diminishes,  the  attractive  force  increases  more  rapidly 
pulsive  force,  and  finally  exceeds  it. 

movable  body  is  a  bad  conductor. — If  N  is  charged,  repulsion  or 
ikes  place,  according  as  the  electricity  is  of  the  same  or  opposite 
:  of  the  fixed  body.  If  it  is  in  the  natural  state,  the  body  M  will 
the  neutral  electricity  of  N,  and  attraction  will  take  place  as  in 
c,  since  a  powerful  and  permanent  source  of  electricity  can  more 
impose  the  neutral  electricity  even  of  bad  conductors. 
M  lemf  eloetrosoope.  -  The  name  electroscope  is  given  to  instru- 
etecting  the  presence  and  determining  the  kind  of  electricity  in 
The  original  pith-ball  pendulum  is  an  electroscope  ;  but,  though 
convenient,  it  is  not  sufficiently  delicate.  Many  successive  im- 
have  been  made  in  it,  and  have  resulted  in  the  form  now  gene- 
vhtch  is  due  to  Bennett. 

f^  or  the  gold  lea/  electroscope. — This  consists  of  a  tubulated  glass 

\.  643),  standing  on  a  metal  foot,  which  thus  communicates  with 

A  metal  rod  terminating  at  its  upper  extremity  in  a  knob  C, 

at  its  lower  end  two  narrow  strips  of  gold  leaf,  n  «,  fits  in  the 

the  shade,  the   neck   of  which    is  coated   with  an   insulating 
'KIT  in  the  interior  is  dried  by  quicklime,  or  by  chloride  of 

V  V 
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calcium,  and  od  the  insides  of  the  shade  there  are  tvo  soipB  of  frii  leaf 
a,  communicating  with  the  ground. 

When  the  knob  is  touched  with  a  body  chaiiged 
electricity,  the  leaves  diverge  ;  usually,  however,  the 
by  induction  thus  : — 

If  an  electrified  body — a  stick  of  sealing-wax,  for 
near  the  knob,  it  will  decompose  the  neutral  electridtj  cf  tibe 
tracting  to  the  knob  the  electricity  of  the  opposte  kind,  and  ffsama^  it 
there,  and  repelling  the  electricity  of  the  same  kind  totbe  sold  leaves,  wbcb 
consequently  diverge.  In  this  way  the  presence  of  an  ckctiitJil  dian^  ^ 
ascertained,  but  not  its  quality. 

To  ascertain  the  >bVu/ of  electricity  the  following  method  ts  parsoed:-lt 
while  the  instrument  is  under  the  influence  of  the  body  A,  wlikii  ve  viil 

suppose  has  a  n^aliTe  cfaaiige.  the 
knob  be  touched  by  die  finger,  tbe 
negative  electricity  produced  by  o* 
duction  passes  off  into  thegrouDcLap^ 
the  previously  divergent  leaves  ^ 
collapse  ;  there  only  remains  positn'c 
electricity,  retained  in  the  knobbf  io- 
duction  from  A.  If  nofw  the  finger  be 
first  removed,  and  then  die  electnBed 
body,  the  positive  electricity  previoosH' 
retained  by  A  will  qmad  oifct  tbe  ^r 
tem,  and  cause  the  leaves  to  dtref^ 
If  now,  while  the  system  is  cfaar]^ 
with  positive  electricity,  a  positnt!]) 
electrified  body — as,  for  example,  aa 
excited  glass  rod— -be  approached,  tbe 
leaves  will  diverge  more  widely;^ 
the  electricity  of  the  same  kind  will  be  repelled  to  the  ends.  li^  od  t^ 
contrary,  an  excited  shellac  rod  be  presented,  the  leaves  will  tend  tocoDi^ 
the  electricity  with  which  they  are  charged  being  attracted  by  the  oppoiB 
electricity.  Hence  we  may  ascertain  the  kind  of  electricity-,  either  If- 
imparting  to  the  electroscope  electricity  from  the  body  under 
and  then  bringing  near  it  a  rod  charged  with  positive  or  negative  electrid^f  f 
or  the  electroscope  may  be  charged  with  a  known  kind  of  electricity,  aod  d< 
electrified  body  in  question  brought  near  the  electroscope. 

It  has  been  proposed  to  use  the  gold  leaf  electros(x>pe  as  an  cUi 
or  measurer  of  electricity,  by  measuring  the  angle  of  divergence  rf 
leaves  ;  this  is  done  by  placing  behind  them  a  graduated  scale ;  for 
angles  the  quantity  of  electricity  is  nearly  proportional  to  the  sineofhsV^ 
angle  of  divergence.     There  are,  however,  objections  to  such  a  use,  tfi 
electroscope  is  rarely  employed  for  this  purpose. 


Fig.  643. 


Ek€trcplu>rHs. 


ELECTRICAL  MACHINES, 


691 


Jyi*  Xteotrofitionui.— It  will  now  be  convenient  to  describe  the  various 

Iccincal  ni4ichmes,  or  apparatus  for  generating  and  collecting  large  supplies 

Fst^itiaiJ  electricity.     One  of  the  most  simple  and  inexpensive  of  these  is 

^  tUciraph0ru^^^\x\Q}\  was  invented  by  V^oUa.     It  consists  of  a  cake  of 

kin  B  (fig.  645),  say  about  12  inches  in  diameter,  and  an  inch  thick,  which 

placed  on  a  metal  surface,  or  frequently  fits  into  a  wooden  mould  lined 


Ih  tinfoiU  which  is  called  thc/^rw.  Besides  this  iherc  is  a  metal  disc  A 
^  6i|S)t  ^^  diameter  somewhat  less  than  that  of  the  cake,  and  provided 
db  oo  msoUting  glass  handle  ;  tit  is  is  the  cm^^r.  The  mode  of  working  U 
iailaws  :— AU  the  parts  of  the  apparatus  having  been  well  warmed,  the 
be,  wlikli  is  jxlaced  in  the  form,  or  rests  on  a  mct;il  surface,  is  briskly 
pfsd  iritb  *Uk,  or,  better,  with  catskin,  by  which  it  becomes  charged  with 
electricity.  The  cover  is  then  placed  on  the  cake.  Owing,  how- 
',  to  the  miniJtc  rugosities  of  the  surface  of  the  resin,  the  cover  only 
n  to  coniatl  with  a  few  points,  and,  from  the  non -conductivity  of  the 
Ad,  llie  oqpitjve  electricity  of  the  cake  does  not  passoflT  to  the  cover.  On 
Icontrarjr,  it  acts  by  induction  on  the  neutral  electricity  of  the  cover,  and 
it,  attracting  the  positive  electricity  to  the  under  surface^  and 
the  oegative  clcctriciiy  to  the  upper.  If  the  upper  surface  be  now 
ritll  ibe  finger,  the  negative  electricity,  because  repelled  and  free, 
ol^  JUKi  the  cover  remains  charged  with  positive  electricity,  held, 
,  by  the  negative  electricity  of  the  cake  ;  the  two  electricities  do 
to  c<^DM<)Ucnce  of  the  nonconductivity  of  the  cake  (fig.  644)..  If 
Ite  cover  be  raised  by  its  insulating  handle,  the  charge  diffuses  itself 
r  ite  Mfflicc  \  and  if  a  conductor  be  brought  near  it  (fig*  645),  a  smart 

Tte  fiMtd  form  an  which  the  cake  ifrsts  plays  an  important  pan  in 

V  Y  2 
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Ihe  action  of  the  electrophorus,  as  it  increases  the  quantity  of  dcctridty,  and 
makes  it  more  permanent  For  the  negative  electricity  of  the  upper  suAcc 
of  the  resin,  acting  inductively  on  the  neutral  electricity  of  the  lower,  decom- 
poses it,  retaining  on  the  under  surface  the  positive  electricity-,  while  the 
negative  electricity  passes  off  into  the  ground.  The  positive  electricity  thus 
developed  on  the  under  surface  reacts  on  the  negative  electricity  of  the  upper 
surface,  binding  it,  and  causing  it  to  penetrate  into  the  badly  conducting 
mass,  on  the  surface  of  which  fresh  quantities  of  electricity  can  be  excited 
far  beyond  the  limits  possible  ^^ithout  the  action  of  the  form.  It  is  for  this 
reason  that  the  electrophorus,  once  charged,  retains  its  state  for  a  consider- 
able time,  and  sparks  can  be  taken  even  after  a  long  interval.  If  the  form 
be  insulated,  the  charge  obtained  from  it  is  far  less  than  if  it  is  on  a  con- 
ducting support.  For  the  negative  electricity  developed  by  induction  on  the 
lower  surface  being  now  unable  to  escape,  the  condensing  action  referred  to 
cannot  take  place,  and  only  a  feeble  charge  can  be  given  to  the  resin.  The 
retention  of  electricity  is  greatly  promoted  by  keeping  the  cake  on  the  fonn. 
and  placing  the  cover  upon  it,  by  which  the  access  of  air  is  hindered 
Instead  of  a  cake  of  resin,  a  disc  of  gutta-percha,  or  vulcanised  cloth,  or 
vulcanite  may  be  substituted  ;  and,  of  course,  if  glass,  or  any  materia! 
which  is  positively  electrified  by  friction,  be  used,  the  cover  acquires : 
negative  charge. 

The  electrophorus  is  a  good  instance  of  the  conversion  of  work  into 
electropotential  energy  (63).  When  the  cover  is  lifted  from  the  excited  cake 
work  must  be  expended  in  order  to  overcome  the  attraction  of  the  electricin 
in  the  cake  for  the  opposite  electricity  developed  by  induction  on  the  ^^'^  '• 
and  the  equivalent  of  this  work  appears  in  the  form  of  the  electricity  ihu? 
detached.  Thus,  when  a  Leyden  jar  is  charged  either  by  the  nuichine  or  b} 
the  electrophorus,  the  energ)'  of  the  charge  is  a  transformation  of  the  »ofi 
of  the  operator. 

753.  Plate  electrical  madtiae. — The  first  electrical  machine  «v  ^ 
vented  by  Otto  von  Guericke,  the  inventor  also  of  the  air-pump.  It  con- 
sisted of  a  sphere  of  sulphur,  which  was  turned  on  an  axis  by  means  of  ihe 
hand,  while  the  other,  pressing  against  it,  served  as  a  rubber.  Resin  »^ 
afterwards  substituted  for  the  sulphur,  which,  in  turn,  Hawksbee  leplacw 
by  a  glass  cylinder.  In  all  these  cases  the  hand  sened  as  rubber :•■ 
Winckler,  in  1740,  first  introduced  cushions  of  horsehair,  covered  with  A 
as  rubbers.  At  the  same  time  Bose  collected  electricity,  disengaged  tf 
friction,  on  an  insulated  cylinder  of  tin  plate.  Lastly,  Kamsden,  in  I7^ 
replaced  the  glass  cylinder  by  a  circular  glass  plate,  wliich  was  rubbed  ^ 
cushions.  The  form  which  the  machine  has  now  is  but  a  modification^ 
Ramsden's  original  machine. 

Between  two  wooden  supports  (fig.  646)  a  circular  glass  plate  P  is  *•* 
pended  by  an  axis  passing  through  the  centre,  and  which  is  turned  bymei* 
of  a  handle  M.  The  plate  revolves  between  two  sets  of  cushions  or  rwikn* 
F,  of  leather  or  of  silk,  one  set  above  the  axis  and  one  below,  which,  W 
means  of  screws,  can  be  pressed  as  tightly  against  the  glass  as  may  be  desii* 
The  plate  also  passes  between  two  brass  rods,  shaped  like  a  horse- shoe.  ** 
provided  with  a  series  of  points  on  the  sides  opposite  the  glass ;  these  w* 
are  fixed  to  larger  metallic  cylinders  CC,  which  arc  called  the  prime  if^' 
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The  latter  are  insulated  by  being  supported  on  glass  feet^  and  are 
ted  with  each  other  by  a  smaller  rod  r. 
The  action  of  the  machine  is  thus  explained.  By  friction  with  the  rubbers, 


r  / 


becomes  positively  and  the  rubbers  negatively  electrified.  If  now 
rubbers  were  insulated,  ihcy  would  receive  a  certain  charge  of  negative 
ictrictty  which  it  would  be  impossible  to  exceed,  for  the  tendency  of  the 
|ipfted  cJectncities  to  reunite  would  be  equal  to  the  power  of  the  friction  to 
e  tlw!  neutral  state*  But  the  rubbers  communicate  with  llie  ground 
of  a  chain  ;  and,  consequently*  as  fast  as  tlic  negative  cleclricily 
fenerated,  H  is  continually  reduced  to  lero  by  contact  with  tiic  ground, 
positive  electricity  of  the  glass  acts  then  by  induction  on  the  conductor^ 
ictllig  Ibe  negative  electricity.  This  negative  eleciricity  collects  on  the 
ts  oppiittte  to  the  ghtss.  Here  its  tendency  to  discharge  become*  so 
that  ft  passes  across  the  inlcrv^enitig  space  of  air,  and  ncutraUses  the 
iifjve  ctectricity  on  the  glass.  The  conductors  thus  lose  their  negative 
^tlfkily  and  remain  charged  with  positive  electricity.  The  plate  accord- 
ghret  tip  nothing  to  the  prime  conductors ;  in  fact,  it  only  abitracis 
Uicm  their  negative  electricity. 
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If  the  hand  be  brought  near  the  conductor  when  charged,  a  qpaikibUois, 
which  is  renewed  as  the  machine  is  turned.  In  this  case  the  positive  elec- 
tricity decomposes  the  neutral  electricity  of  the  body,  attracting  its  negitive 
electricity,  and  combining  with  it  when  the  two  have  a  sufficient  tcnsioo. 
Thus,  with  each  spark,  the  conductor  reverts  to  the  neutral  state,  but  becomes 
again  electrified  as  the  plate  is  turned. 

754.  Preoauttons  la  raferaaoe  to  tlie  maeliiBe. — ^The  glass,  of  whidi 
the  plate  is  made,  must  be  as  little  hygroscopic  as  possible.  Of  late  ebonite 
has  been  frequently  substituted  for  glass ;  it  has  the  advantage  of  being 
neither  hygroscopic  nor  fragile,  and  of  readily  becoming  electrified  bf 
friction.  It  cannot,  however,  be  relied  on, as  its  surface  in  time  undei]goesa 
change,  especially  if  exposed  to  the  light,  whereby  it  becomes  a  conductor. 
The  plate  is  usually  from  ^  to  |  of  an  inch  in  thickness,  and  fioo  so 
to  30  inches  in  diameter,  though  these  dimensions  are  not  unfirequentiy 
exceeded. 

The  rubbers  require  great  care,  both  in  their  construcdon  and  their  pit* 
servation.  They  are  conunonly  made  of  leather,  stuffed  with  horsehair. 
Before  use  they  are  coated  either  with  powdered  aurum  musrtmm  (siilpbait< 
of  tin),  graphite,  or  amalgam.  The  action  of  these  substances  is  not  «tfy 
clearly  understcx)d.  Some  consider  that  it  merely  consists  in  promotiBK 
friction.  Others,  again,  believe  that  a  chemical  action  is  produced,  and 
assign,  in  support  of  thb  view,  the  peculiar  smell  noticed  near  the  rubbeft 
when  the  machine  is  worked.  Amalgams,  perhaps,  promote  most  po«tr- 
fully  the  disengagement  of  electricity.  Kienmayet^s  amalgam  is  the  bet 
of  them.  It  is  prepared  as  follows  : — One  part  of  zinc  and  one  part  of  tifl 
are  melted  together  and  removed  from  the  fire,  and  two  parts  of  mcrcoo 
stirred  in.  The  mass  is  transferred  to  a  wooden  box  containing  some  chalk. 
and  then  well  shaken.  The  amalgam,  before  it  is  cold,  is  powdered  in  ao 
in>n  mortar,  and  preserved  in  a  stoppered  glass  vessel.  For  use  a  littJ* 
cacao  butter  or  lard  is  spread  over  the  cushion,  some  of  the  powderec 
amalgam  sprinkled  over  it,  and  the  surface  smoothed  by  a  ball  of  tlattcn**^ 
leather. 

In  order  to  avoid  a  loss  of  electricity,  two  quadrant-shaped  pieces  of  oiJed 
silk  fire  fixed  to  the  rubbers,  so  as  to  cover  the  plate  on  both  sides  :  one  at  the 
upper  part  from  a  to  F,  and  the  other  in  the  corresponding  part  of  the  lo»*' 
rubbers.  These  flaps  are  not  represented  in  the  figure.  Yellow  oiled  sift 
is  the  best,  and  there  must  be  perfect  contact  between  the  plate  and  the 
cloth. 

Ramsden's  machine,  as  represented  in  fig.  646,  only  gives  positive  eJr  • 
tricity.  Hut  it  may  be  arranged  so  as  to  give  negative  electricit>'  by  pUa^c 
it  on  a  table  with  insulating  supports.  The  conductor  is  connected  witht'* 
j^Tound  by  a  chain,  and  the  machine  worked  as  before.  The  positive  el^ 
tricity  passes  off  by  the  chain  into  the  ground,  while  the  negative  elcctnot? 
remains  on  the  supports  and  on  the  insulated  table.  On  bringing  the  vsa^ 
near  the  uprights,  a  sharper  spark  than  the  ordinary  one  is  obtained. 

755-  >Kaxlmiim  of  obarre* — It  is  impossible  to  exceed  a  certain  \^ 
of  electrical  charge  with  the  machine,  whatever  precautions  are  taken.  <* 
however  rapidly  the  plate  is  turned.  This  limit  is  attained  when  the  loss  <^ 
electricity  equals  its  production.    The  loss  depends  on  three  causes :  i.  The 
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^  the  atmosphere,  and  the  moislure  it  contains,    ii.  The  loss  by  the  sup- 

tiii.  The  recombination  of  the  electricities  of  the  rubbers  and  the  glass, 
\  first  two  causes  have  been  already  mentioned. 
I  refercJice  to  the  last,  it  must  be  noticed  that  the 
ricil  charge  increases  with  the  rapidity  of  the  rota- 
ontil  It  reaches  a  point  at  which  it  overcomes  the 
tance  presented  by  the  non-conductivity  of  the 
•  At  this  point,  a  portion  of  the  two  electricities 
rated  on  the  rubbers  and  on  the  glass  recombines^ 
the  charge  remains  constant.  It  is,  therefore,  ulti- 
\y  independent  of  the  rapidity  of  rotation. 
56.  Qnadrmiit  eleetromcter.  —  The  electrical 
gc  is  roughly  measured  by  the  quadrant  or  HenU/s 
"vwr^/^r,  which  is  attached  to  the  conductor  This 
miall  electric  pendulum,  consisting  of  a  wooden 
(  10  which  is  attached  an  ivory  or  card-board  scale 
647),  In  the  centre  of  this  is  a  small  index  of 
r,  movable  on  an  axis,  and  terminating  in  a  pith  ball.  Being  attached 
ic  conductor,  the  index  diverges  as  the  machine  is  charged,  ceasing  to 
ifhen  the  hmit  is  attained*  When  the  rotation  is  discontinued  the  index 
npidly  if  the  air  is  moist  ;  but  in  dry  air  it  only  falls  slowly,  showing, 
ifere,  llaat  the  loss  of  electricity  in  the  latter  case  is  less  than  in  the  former, 
»|7*  OyllBtfer  electiicftl  nmoliiae. — The  construction  of  the  cylinder 
Kdnes,  as  ordinarily  used  in  England,  is  due  to  Nairnc.  They  arc  well 
Mied  for  obtaining  either  kind  of  electricity.  In  Naime's  machine  (fig. 
|hB  cylinder  is  nabbed  by  only  one  cushion  C,  which  is  made  of  leather 
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^■^pilOfieliair,  and  is  screwed  to  an  tosulated  conductor  A.  On  the 
3<^^e  of  the  cylinder  there  rs  a  similar  insulated  conductor  B|  pro- 
I  vitb  a  fCfies  of  points  on  the  sides  next  the  glass.  To  the  lower  pari 
It  csillioii  C  is  attached  a  piece  of  oiled  silk,  which  extends  over  the 
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cy Under  to  just  above  the  points.  This  is  not  represented  in  the  %iiie. 
When  the  cylinder  is  turned,  A  becomes  charged  with  negative  and  B  with 
positive  electricity  by  the  loss  of  its  negative  from  the  points  P.  The  two 
opposite  electricities  wiLl  now  unite  by  a  succession  of  sparks  across  D  iiii} 
E,  If  use  is  to  be  made  of  the  electricity,  either  the  rubber  or  the  priow 
conductor  tnust  be  connected  with  the  ground.  In  the  former  case  positive 
electricity  is  obtained  ;  in  the  latter,  negative. 

7 58.  ArnistroiiK**  ti  jdro-electrle  maolilae.^ —  I  n  this  machine  electndljr 
is  produced  by  the  disengagement  of  aqueous  vapour  through  narrowciriici^ 
jThc  discovery  of  the  machine  was  occasioned  by  an  accidcnL  A  work- 
t  having  accidentally  held  one  hand  in  a  jet  of  steam,  which  was  'naimg 
|irom  an  orifice  in  a  steam  boiler  at  high  pressure,  while  his  other  hafid 
grasped  the  safety-valve,  was  astonished  at  experiencing  a  smart  shofi 
Sir  W.  Armstrong  (then  Mr.  Armstrong,  of  Newcastle),  whose  attention  *i» 
drawn  to  this  phenomenon,  ascertained  that  the  steam  was  charged  with 
positive  electricity,  and,  by  repeating  the  experiment  with  an  insobited  lo»' 
motive,  he  found  that  the  boiler  was  negatively  charged.  Armstrong belkw<l 
that  the  electricity  was  due  to  a  sudden  expansion  of  the  steam  ;  Fandi^ 
who  afterwards  examined  the  question,  ascertained  its  true  cause,  whidi  v^ 

be  best  understool 
alter  deicnbii^ 
a  machtoe  vhied 
Armstrong  devised 
forreprododm^^ 
phencuxidaiii 

It  consists  d^< 
wrought*iron  ^^ 
(tig.  649)*  witii  ^ 
central  lirt,  10^ 
insulated  00  1^ 
legs.  Itisabsct^ 
feet  long  by  :  •«*• 
in  dtainciier,  ^ 
>vidcd  ait^ 
^%'ith  a  pql^ 


lire.  Al^' 
....,  atbebcn^" 
wliicbaret^n^ 
tJutx^h  nhicl*  ^ 
steam     11    <i^ 

are  fitted  jets  of  a  peculiar  construction^  which  vkHll   be  aodcntuoJ  ^'^ 
the  section  of  one  of  tbon^  M»  represented  on  a  Laigcr  wai^^   Tk(T  "* 
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with  bard  wood  in  a  manner  represented  by  the  diagram.    The  box 
contains  cold  water.    Thus  the  sieani,  before  escaping,  undergoes  partial 
idensation,  and  becomes  charged  with  vesicles  of  water — a  nccessar\ 
I,  for  Faraday  found  that  no  electricity  is  produced  when  the  stciini 
ly  dry. 
he  ilevdopmcnt  of  electricity  in  the  machine  was  at  first  attributed  to 
ndcnsation  of  the  steam  ;  but  Faraday  found  that  it  is  solely  due  to 
iction  of  the  globules  of  water  against  the  jcL     For  if  the  little  cylindcr9| 
line  the  jets  are  changed,  the  kind  of  electricity  is  changed  ;  and  if 
is  substituted,  little  or  no  electricity  is  produced.     The  same  ctTect  is 
rmiuct  d  if  any  fatty  matter  is  introduced  into  the  boilen     In  this  case  the 
1  !  c  of  no  use.     It  is  only  in  case  the  water  is  pure  that  electricity  is 

i..^«,j^..,^cd,  and  the  addition  of  acid  or  saline  solutions,  even  in  minute 
jllBDtity,  prevents  any  disengagement  of  electricity.  If  turpentine  is  added 
o  ihe  b4>ilcr,  the  e^ect  is  reversed— the  steam  becomes  negatively,  and  the 
loller  positively,  electrified. 

With  a  curreDt  of  moist  air  Faraday  obtained  efTects  similar  to  those  of 
this  apparatus,  but  with  dry  air  no  effect  is  produced. 

759.  Bolts'*  elotitrlcAl  maelOae. — Before  the  end  of  last  centnr>^  electrical 
pjykti^c  were  known  in  this  country  in  which  the  electricity  was  not  deve* 
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have  been  re-invented  and  come  into  use.    The  form  represented  in  ^.  650- 
was  invented  by  Holtz,  of  Berlin. 

It  consists  of  two  circular  plates  of  thin  glass  at  a  distance  of  3  mm.  from 
each  other ;  the  larger  one,  AA,  which  is  2  feet  in  diameter,  is  fixed  by  means 
of  4  wooden  rollers  a,  resting  on  glass  axes  and  glass  feet.    The  diameter  ot 
the  second  plate,  BB,  is  2  inches  less  ;  it  turns  on  a  horizontal  glass  axis, 
which  passes  through  a  hole  in  the  centre  of  the  large  fixed  plate  without 
touching  it     In  the  plate  A,  on  the  same  diameter,  are  two  large  apertures, 
or  windows^  Y  Y\    Along  the  lower  edge  of  the  window  F,  on  the  posterior 
face  of  the  plate,  a  band  of  paper,  /,  is  glued,  and  on  the  anterior  face  a  sort 
of  tongue  of  thin  cardboard,  /i,  joined  to/  by  a  thin  strip  of  paper,  and  pro- 
jecting into  the  window.    At  the  upper  edge  of  the  window,  F',  there  art 
corresponding  parts, /^  and  n\    The  papers  /  and/'  constitute  the  armatures. 
The  two  plates,  the  armatures,  and  their  tongues  are  covered  with  shellac 
varnish,  but  more  especially  the  edges  of  the  tongues. 

In  front  of  the  plate  B,  at  the  height  of  the  armatures,  are  two  brass 
combs y  O  O',  supported  by  two  conductors  of  the  same  metal,  C  C.  In  the 
front  end  of  these  conductors  are  two  moderately  large  brass  knobs,  throqgb 
which  pass  two  brass  rods  terminated  by  smaller  knobs,  r  r',  and  provickd 
with  ebonite  handles,  K  K'.  These  rods,  besides  moving  with  gende  fiictioo 
in  the  knobs,  can  also  be  turned  so  as  to  be  more  or  less  near  and  inclined 
towards  each  other.  The  plate  B  B  is  turned  by  means  of  a  winch  M,anda 
series  of  pulleys  which  transmit  its  motion  to  the  axis  ;  the  velocity  which 
it  thus  receives  is  12  to  15  turns  in  a  second,  and  the  rotation  should  take 
place  in  the  direction  indicated  by  the  arrows  ;  that  is,  towards  the  points  ^y 
the  cardboard  tongues  n  n\ 

To  work  the  machine,  the  armatures  pp'  must  be  first  primed  \  that  In 
one  of  the  armatures  is  positively  and  the  other  negatively  electrified.  Thi> 
is  effected  by  means  of  a  plate  of  ebonite,  which  is  excited  by  striking  '• 
with  catskin  ;  the  two  knobs  rr*  having  been  connected  so  that  the  t«^ 
conductors  C  C  only  form  one,  as  seen  in  fig.  651,  which  shows  by  a  hori- 
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Fig.  651. 

zontal  section,  through  the  axis  of  rotation,  the  relative  arrangement  of  the 
plates  and  of  the  conductors.  The  electrified  ebonite  is  then  brought  ne*^ 
one  of  them—/,  for  instance — and  the  plate  B  is  turned.  The  ebonite^ 
charged  with  negative  electricity,  and  this  withdraws  the  positive  elcctriot)' 
of  the  armature  and  charges  it  negatively.  This  latter  acting  b>'  induction 
through  the  plate  B  B,  as  it  turns  on  the  conductors  OCC'0'(fig.  651  .attract 
through  the  comb  O  the  positive  electricity  which  collects  on  the  front  face  <f 
the  movable  plate;  while  at  the  same  time  negative  electricity,  repclkdi* 
the  comb  O',  collects,  like  the  former,  on  the  front  face  of  the  P'^*'^ 
Hence,  the  two  electricities  beinj,'  carried  along  by  the  rotation,  at  thf  ef» 
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ilf  a  turn  all  the  lower  half  of  the  plate  B,  from/  to  F^  (fig.  652),  is  posi- 
y  electrified,  and  its  upper  surface  from  /^  to  F  negatively.  But  the  two 
>site  electricities  above  and  below  the  window  F^  concur  in  decomposing 
electricity  of  the  armature  p'nf ;  the  part  p  is  positively  electrified,  while 
itive  electricity  is  liberated  by  the  tongue  n\  and  is  deposited  on  the 
r  &ce  of  the  plate  B  B,  which  from  its  thinness  almost  completely  neu- 
ics  the  positive  electricity  on  the  anterior  face. 

Phe  two  armatures  are  then  primed,  and  the  same  efTect  as  at  F^  is 
[need  at  F  on  the  armature  pn ;  that  is,  that  the  opposite  electricities 
•e  and  below  /n,  decomposing  a  new  quantity  of  neutral  electricity, 
legative  charge  of  the  part  p  increases,  while  the  positive  electricity  which 
»erated  by  the  tongue  #f,  neutralises  the  negative  electricity  which  comes 
1  F^  towards  F  ;  and  so  forth  until,  the  machine  having  attained  its 


Fig.  652. 

imum  charge,  there  is  equilibrium  in  all  its  parts.  From  that  point  it 
keeps  itself  up,  and  in  perfectly  dry  air  it  may  work  for  a  long  time 
out  its  being  necessary  to  employ  the  ebonite  plate.  If  this  be  removed, 
the  knobs  r  and  r^  are  moved  apart  (fig.  650)  to  a  distance  dependent 
he  power  of  the  machine,  on  continuing  to  turn,  a  torrent  of  sparks 
es  across  from  one  knob  to  the  other. 

Vith  plates  of  equal  dimensions  Holtz's  machine  is  far  more  powerful  than 
ordinary  electrical  machine  (753).  The  power  is  still  further  increased 
upending  to  the  conductors  C  C  two  condensers^  H  H'  (765),  which  con- 
if  two  glass  tubes  coated  with  tinfoil,  inside  and  out,  to  within  a  fifth  of 
height  Each  of  them  is  closed  by  a  cork,  through  which  passes  a  rod, 
Dunicating  at  one  end  with  the  inner  coating,  and  suspended  to  one  of 
XMiductors  by  a  crook  at  the  other  end.  The  two  external  coatings  are 
ected  by  a  conductor,  G.  They  are,  in  fact,  only  two  small  Leyden 
[770),  one  of  them,  H,  becoming  charged  with  positive  electricity  on  the 
e  and  negative  on  the  outside  ;  the  other,  H',  with  negative  electricity 
le  inside  and  positive  on  the  outside.  Becoming  charged  by  the  play 
e  machine  and  being  discharged  at  the  same  rate  by  the  knobs  r  r', 
strengthen  the  spark,  which  may  attain  a  length  of  6  or  7  inches. 
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The  current  of  the  machine  is  utilised  by  placing  in  front  of  the  frame 
two  brass  uprights,  Q  Q^,  with  binding  screws  in  which  are  copper  wires ;  then, 
by  means  of  the  handles  K  K',  the  rods  which  support  the  knobs  r  r  are  in- 
clined, so  that  they  are  in  contact  with  the  uprights.  The  current  being 
then  directed  by  the  wires,  a  battery  of  six  jars  can  be  charged  in  a  few 
minutes,  water  can  be  decomposed,  a  galvanometer  deflected,  and  Geisster's 
tubes  illuminated  as  with  the  voltaic  battery. 

Kohlrausch  found  that  a  Holtz's  machine  with  a  plate  i6  inches  in  dia- 
meter, and  making  5  turns  in  three  seconds,  produced  a  constant  current 
capable  of  decomposing  water  at  the  rate  of  3i  millionths  of  a  milligramiDe 
in  a  second.  This  is  equal  to  the  effect  produced  by  a  Grove's  cell  in  a  cir- 
cuit of  45,000  ohms  resistance. 

Rossetti,  who  made  a  series  of  measurements  with  a  Holtz's  machiiK', 
found  that  the  strength  of  the  current  is  nearly  proportional  to  the  velocity 
of  the  rotation  ;  it  increases  a  little  more  rapidly  than  the  rotation.  The  ratio 
of  the  velocity  of  rotation  to  the  strength  of  the  current  is  greater  when  the 
hygrometric  state  increases.  The  current  produced  by  a  Holtz's  machine  is 
quite  comparable  to  that  of  a  voltaic  couple.  Its  electro-motive  force  and 
resistance  are  constant,  provided  the  velocity  of  rotation  and  the  hygrometnc 
state  are  constant 

The  electromotive  force  is  independent  of  the  velocity  of  rotation,  bat 
diminishes  as  the  moisture  increases  ;  it  is  nearly  52,000  times  as  great  as 
that  of  a  DanielPs  cell. 

The  internal  resistance  is  independent  of  the  moisture,  but  diminishes 
rapidly  with  increased  velocity  of  rotation.  Thus  with  a  velocity  of  120  turns 
in  a  minute  it  is  represented  by  2,810  million  ohms,  and  with  a  velocit) »»' 
450  turns  it  is  646  ohms. 

Holtz's  machine  is  very  much  affected  by  the  moisture  of  the  air :  ^'^^ 
Ruhmkorff  found  that  by  spreading  on  the  table  a  few  drops  of  petroleum. 
the  vapours  which  condense  on  the  machine  protect  it  against  the  moisture 
of  the  atmosphere. 

If  the  two  combs  of  a  Holtz's  machine  in  the  ordinary  state  arc  connected 
with  the  poles  of  a  second  similar  one,  which  is  then  set  in  action,  the  comhs 
of  the  first  become  luminous,  and  the  plate  begins  to  rotate,  but  in  the  opp«>' 
site  direction  to  its  ordinary  course  ;  the  electricity  thus  transmits  the  moti<* 
of  the  second  machine  to  the  first  ;  the  one  expends  what  the  other  p^ 
duces.  It  may  also  be  <)bscr\cd  that  the  two  machines  are  connected"^ 
opposite  poles,  and  the  system  constitutes  a  circuit  which  is  tra\"crsed  in  ^ 
definite  direction  by  a  continuous  electrical  current 

A  vcr>'  simple  and  efficient  machine  of  this  kind  is  made  by  \o>>  *"* 
Herlin.  One  with  a  plate  of  10  inches  diameter  produces  a  spark  of  x  t^'  ? 
inches.  , 

760.  Carry's  dleleotrioal  maclilne.— This  is  a  combination  of  the  oi>' 
form  of  frictional  machine  with  that  of  Holtz.  It  consists  of  two  plates  tumiflf 
in  opposite  directions  (fig.  653):  one.  A,  of  glass,  and  the  other,  B,  of  ebonite- 
They  overlap  each  other,  to  about  \  to  \  of  their  radiL  The  '^"^'jf 
is  slowly  turned  by  means  of  a  handle,  M,  while  the  upper  one  is  rapw 
rotated  by  an  endless  cord,  which  passes  from  the  large  over  the  so*^ 
wheel. 


Tbeie  condactors,  connected  as  they  are  by  two  lies,  //;  and  n^  rest  o» 
^  Qolunifts — the  one,  a,  of  glass,  and  the  other,  ^,  of  etxinite.  A  chuin  in 
^im«ction  with  the  ground  is  suspended  from  a  hook,  0»  which  can  be 
2»i6d  at  pleasure,  but  put  in  connection  with  the  comb  i.  The  rubbers 
are  in  connection  with  the  ground  by  means  of  two  bandai 
V^tiaSoi  akmg  the  supports. 
Uftly,  «t  ^  if^g.  6s4)  is  a  sector  of  varnished  paper  cut  in  the  form 
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Fig.  654. 


of  a  comb,  and  fastened  to  an  insulating  segment,  P,  of  the  same  shape, 
which  is  used  as  support  From  the  teeth  of  the  sector/  positive  dectricity 
flows  on  the  plate  B  as  it  moves,  and  by  induction  this  sector  p  yields  to 

the  comb  g  a  surcharge  of  TLeg^t 
electricity.  The  rod  d  and  the  knob/ 
may  be  withdrawn  at  will  from  tbe 
conductor  C  (fig.  653),  so  that  sparks  d 
different  lengths  may  be  taken.  At  r 
is  a  hook  to  which  can  be  attached  tbe 
Leyden  jars  which  are  to  be  diaiged 

Owing  to  the  direct  action,  and 
when  the  inducing  plate  is  at  its  mixi- 
mum  charge,  Carres  machine  is  doc 
very  much  affected  by  moistore,  and 
it  yields  a  large  supply  of  electricity. 
With  plates  whose  dimensions  are  respeaively  38  and  49  centimetres,  it 
gives  sparks  of  15  to  18  centimetres,  and  more  when  a  condenser  is  added, 
as  in  Holtz's  machine. 

761.  ^ITork  required  for  tbe  prodvettoa  of  eleetrflelty. — In  all  electrical 
machines  electricity  is  only  produced  by  the  expenditure  of  a  definite  amoaot 
of  force,  as  will  at  once  be  seen  by  a  perusal  of  the  preceding  descriptions. 
The  action  of  those  machines,  however,  which  work  continuously,  is  vn^ 
what  complex.  Not  only  is  electricity  produced,  but  heat  also  ;  and  it  has 
been  hitherto  impossible  to  estimate  separately  the  work  required  for  ihe 
heat  from  that  required  for  the  electricity.  This  is  easily  done  in  theory,  bat 
not  in  practice  :  how  difiicult,  for  instance,  it  would  be  to  determine  the  leffi- 
perature  of  the  cushion,  or  of  the  plate  of  a  Ramsden's  machine  ! 

In  lifting  the  plate  off  a  charged  electrophorus  a  certain  expenditure  of 
force  is  needed,  though  it  be  too  slight  to  be  directly  estimated  (752).  With 
a  Holtz's  machine  it  may  be  readily  shown  by  experiment  that  there  is  a 
definite  expenditure  of  force  in  working  it  If  such  a  machine  be  tan»ed 
without  having  been  charged,  the  work  required  is  only  that  necessary  to 
overcome  the  passive  resistances.  If,  however,  one  of  the  sectors  be  cha^ 
and  the  electric  action  comes  into  play,  it  will  be  observed  that  there  most 
be  a  distinct  increase  in  the  mechanical  effort  necessary  to  work  the  macbioe. 
The  work  required  to  charge  an  unelcctrified  conductor  to  a  given  poi»- 
tial  may  be  deduced  from  the  following  considerations :— To  impart  to  a  body 
which  is  at  potential  V  a  quantity  of  electricity  Q  would  require  an  amoont 
of  work  represented  by  QV  (739).  But  in  the  case  of  an  unelectrified  body  it 
is  neutral  at  the  outset — that  is,  at  zero  potential ;  and  we  may  conceive  ib« 
electricity  imparted  to  it  in  a  series  of  //  very  small  charges  of  q  each,  sach 
that  tiq  =  Q  ;  and  as  the  potential  rises  proportionally  to  the  number  ^ 
charges,  it  may  be  assumed  that  the  work  done  is  equal  to  that  required  t« 
charge  the  body  to  an  average  potential  of  A  V  ;  hence  the  work  in  question 
W-iQV. 

From  the  relation  between  the  quantity  of  heat  produced  by  the  cnneflt 
of  a  Holtz's  machine  working  under  definite  conditions,  and  the  amoaot  of 
work  expended  in  producing  the  rotation  of  the  plate,  Rossetti  has  made  > 
determination  of  the  mechanical  equivalent  of  heat,  which  gave  tbe  nombe' 
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therefore  ver>   well  with  the   numbers  obtained  by  otJicr 


nomson's  wat«T-droppinc^  eatlector. — This  may  be  given  as  an 

I  of  an  .irrangement  by  which  a  known  charge  may  be  almost  in- 

ptuhiplied*     In  f\g.  655  I  is  an  insulated  metal  cylinder  called  the 

knd  water  falls  in  drops  from  an  uninsulated  metal  tap  the  nozitlc 

I  in  the  centre  of  the  cylinder.     Directly  below  the  inductor  is  a 

tnilar  insulated  metal  cylinder  R^  with  a  funnel  the  nozzle  of  which 

llie  centre^     This  second  cylinder  is  called 

It.     If  now  a  very  feeble  positive  charge  be 

lie  inductor  1,  the  drops  of  water  as  they 

be  charged  with  positive  electricity,  and  will 

\  other  as  they  issue.     Falling  on  the  funnel 

jeiver  they  will  give  up  to  this  the  whole  of 

^,  and  the  water  as  it  issues  will  be  neutniK 

[c  thus  imparted  to  K  will  go  on  increasing 

pss  equals  the  production,  or  until  the  drops 

kn  ihc  inductor  are  repelled  by  the  receiver, 

^  do  not  fall  into  the  funnel  .  ',;,\/ 

|c  two  such    apparatus    I  I'  and    R   R'  be 

^car  each  olhcr,  and  so  that  the  inductor  1 

is  in  metallic  connection  with  the  receiver 

Other,  and  conversely  the  inductor  I'  in 
I  with  the  receiver  R  of  the  other*  lly  this 
ly  will  act  on  each  other  and  reciprocally 
heir  charges.     If  a  feeble  charge  be  given  i 

the  inductors,  the  charges   will  go  on  in-  V\z*Hl' 

iDtil  sparks   pass  between,     h  is  not  c\'en 
1 10  give  a  charge  at  the  outset,  the  ordinary  electricity  of  the 
^  is  sufRcient. 

lergy  in  this  apparatus  is  derived  from  that  of  the  falling  body«  and 
i  eMCtly  equivalent  to  it  if  there  were  no  loss,  and  if  the  drops 
le  funnel  v\ithout  any  vclotity. 


[J*LKIMbNTS    WIIH    THK    ILRCIKICAL   MACHINE. 

L~Onc   of  the  most  curious  phenomena  observed    with  the 
^chine  is  the  spark  drawn  from  the  conductor  when  a  linger  is 
|lo  iL     The  positi%'e  electricity  of  the  conductor,  acting  inductively 
BJul  electricity  of  the  body,  decomposes  it,  repelling  the  positive 
png  the  negative.    When  the  attraction  of  the  opposite  clccincitics 
^lly  great  to  overcome  the  resistance  of  the  air,  they  recombine 
t  crack  and  a  spark.     The  spark  is  instantaneous,  and  is  accom- 
[a  fthairp prickly  sensation,  more  especially  with  a  powerful  machine. 
rieft»    \Vhen  it  strikes  at  a  short  distance  it  is  rectilinear,  a^  seea  1 
Beyond  two  or  three  inches  in  length  the  spark  becomes  ir re- 1 
[Has  the  fonn  of  a  sinuous  curve  with  branches  (fig.  657)*     If  the  I 
ivery  powerful,  the  spark  takes  a  zigzag  shape  (6g.  6$8)*    Thesi  j 
ances  arc  seen  in  the  lightning  discharge* 


A  spark  may  be  taken  from  the  human  body  by  aid  of  ibe  im 
siml^  which  is  simply  a  low  stool  with  stout  glass  le^.     The  person 


Fis*  ^'S^ 
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rig.  658. 


on  tl^is  stool  touches  the  prime  conductor,  and,  as  the  human  body  i&  a  ccfi 
cUicior^  the  electricity  is  distributed  over  its  surface  as  over  an  orrfiiaf^ 
insulated  metallic  conductor.  The  hair  diverges  in  consequence  of  refHiiBce. 
a  peculiar  sensation  is  felt  on  the  face,  imd  if  another  persoD,  standiO|  ^ 
the  ground,  presents  his  hand  to  any  part  of  the  body,  a  smart  crack  witk* 
pricking  sensation  is  produced. 

A  person  standing  on  an  insulated  stool  may  be  posilKidy  dectryWfc'V 
being  struck  with  a  calskin.     If  the  person  holding  the  catskin  stamlf  ca  >» 

insulated  stool,  the  striker  bt<c«c» 
positively  and  the  person  strttdk  w^ 
tively  elertriticd, 

763.  HleetHe«lolilniM.--ne^* 
trical  Mm€s  is  a  piece  of  apfafll* 
consisting  of  three  bells  suspended  ^ 
a  hori^Eonlal  metal  ro^  -  -  -^  -  .  t*.. 
of  ihemt  A  and  B,  ar 
ncction  with  the  cooducior ;  *4jc  m>a> 
bell  hangs  by  a  silk  thread,  and  b  Ai* 
insulated  from  the  coodiictor,  btf  !■ 
connected  with  ihc  groimd  by«*^ 
nf  a  chain.  Bctwteo  tbe  belli  ^ 
small  copper  balls  s»is|)cnded  by  silk  threads.  When  the  inadiSoe  If  •«'^ 
the  bells  A  and  B,  being  positively  electrified,  attract  the  copper  hifc  ^ 
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conflict  repel  them.  Being  now  positively  clectritied*  ihey  arc  in  turn 
ted  by  tlie  middle  bell,  C,  which  is  charged  wiih  negative  electricity  by 
iduction  from  A  to  B.  After  contact  they  arc  again  repelled,  and  this  pro- 
IB5  is  repealed  as  long  as  the  machine  is  in  action. 

L  Fig.  660  represents  an  apparatus  originally  devised  by  VoUa  for  the 
irposc  of  illustrating  what  he  supposed  to  be  the  motion  of  hail  between 
■0  clouds  oppositely  electrified.  It  consists  of  a  tubulated  glass  shade, 
ith  a  metal  base,  on  which  are  some  pith  balls.  The  tubulure  has  a  metal 
|i,  through  which  passes  a  brass  rod,  provided  with  a  metal  disc  or  sphere 
the  lower  end,  and  at  the  upper  with  a  ring,  which  touches  the  prime  con- 


^Tien  the  machine  is  worked,  the  sphere  becoming  positively  electrified 
tracts  the  hght  pith  balls,  which  are  tlicn  immediately  repelled,  and,  having 
their  ebargc  of  positive  electricity,  arc  again  attracted^  again  repelled, 
on,  as  long  as  the  machine  continues  to  be  worked.     An  amusing 
a! ion  of  this  experiment  is  frequently  made  by  placing  between  the 
ilatcs  small  pith   figures,  somewhat   loaded  at  the  base.     When  the 
inc  i^  worked,  the  figures  execute  a  regular  dance. 


rig,  66f . 

w^lrl  or  vmno,— The  electrical  wA/W  or  tmnt  consists  of 

inaiing  in  points,  all  bent  in  the  same  dirct-iion,  and  fixed 

a  ccflita]  eftp,  which  rotates  on  a  pivot  (fig,  661),     When  the  apparatus  \% 

00  the  conductor,  and  the  machine  worked,  the  whirl  begins  to  revolve 

%  difettkMi  ap|x>3itc  that  of  the  points.     This  motion  is  not  analogous  to 

affile  bydraulic  tourniquet  (149).     It  is  not  caused  by  a  flow  of  material 

t  but  is  owing  to  a  repulsion  between  the  electricity  of  the  points  and  that 

%,  dicy  impart  to  the  adjacent  air  by  conduction.     The  electricity,  being 

ted  CMi  the  points  in  a  high  state  of  density,  passes  into  the  air,  and« 

tbttS  a  charge  of  electricity,  repels  this  electricity,  while  it  is  itself 

l*hat  this  is  the  case  is  evident  from  the  fact  that  on  approaching 

10  the  whirl  while  in  motion,  a  slight  draught  is  felt,  due  to  the 

tz 
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movement  of  the  electrified  air,  while  in  vacuo  the  apparatus  does  not  act  at 
all.    This  draught  or  wind  is  known  as  the  electrical  aura. 

If  the  experiment  be  made  in  water,  the  fly  remains  stationary,  for  water  is  a 
good  conductor  ;  but  in  olive  oil,  which  is  a  bad  conductor,  the  whirl  rotates. 

When  the  electricity  thus  escapes  by  a  point,  the  electrified  air  is  repelled 
so  strongly  as  not  only  to  be  perceptible  to  the  hand,  but  also  to  engender  a 


Fig.  66a. 


Fig.  663. 


current  strong  enough  to  blow  out  a  candle.  Fig.  662  shows  this  cxperimenL 
The  same  effect  is  produced  by  placing  a  taper  on  the  conductor  and  bring- 
ing near  it  a  pointed  wire  held  in  the  hand  (fig.  663).  The  current  arises  in 
this  case  from  the  flow  of  air  electrified  with  the  contrary  electricity  whidi 
escapes  by  the  point  under  the  influence  of  the  machine. 

The  electrical  orrery  and  the  electrical  inclined  plane  are  analogous  id 
their  action  to  these  pieces  of  apparatus. 
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CHAPTER   IV. 

CONDENSATION  OR  ACCUMULATION  OF   ELECTRICITY 


>.  OoBdMUMm  or  AeenmnlAtors. — A  condenser  is  an  apparatus  for 
asing  a  large  quantity  of  electricity  on  a  comparatively  small  surface. 
>rm  may  vary  considerably,  but  in  all  cases  consists  essentially  of  two 
ted  conductors,  separated  by  a  non-conductor,  and  the  working  depends 
;  action  of  induction.  When  an  insulated  conductor  is  near  other 
ctors,  and  particularly  when  these  latter  are  connected  with  the  earth, 
ipacity  of  the  conductor  is  increased  ;  that  is  to  say,  it  requires  a 
r  quantity  of  electricity  to  raise  it  to  a  given  potential  than  when  the 
conductors  are  away.  An  arrangement  of  this  kind  is  called  a  con- 
•or  accumulator^  the  latter  term,  though  less  usual,  being  preferable,  as 
rmer  tacitly  implies  some  hypothesis  of  the  nature  of  electricity. 
>inus's  condenser  consists  of  two  circular  brass  plates,  A  and  B  (fig.  664), 
,  sheet  of  glass,  C,  between  them.     The  plates,  each  provided  with  a 


Fi«.  C04. 

all  pendulum,  are  mounted  on  insulated  glass  legs,  and  can  be  moved 
a  support  and  fixed  in  any  position.  When  electricity  is  to  be  ac- 
lated,  the  plates  are  placed  in  contact. with  the  glass,  and  then  one  of 
B  for  instance,  is  connected  with  the  electrical  machine,  and  the  other 
i  in  connection  with  the  ground,  as  shown  in  fig.  665. 

z  z  2 
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In  explaining  the  action  of  the  condenser,  it  will  be  convenient  in  each 
case  to  call  that  side  of  the  metal  plate  nearest  the  glass  the  anterior  and 
the  other  the  posterior  side.  And  first  let  A  be  at  such  distance  from  B  as 
to  be  out  of  the  sphere  of  its  action.  The  plate  B,  which  is  then  connected 
with  the  conductor  of  the  electrical  machine,  takes  its  maximum  chai]ge, 
which  is  distributed  equally  on  its  two  faces,  and  the  pendulum  diver:ges 


Fig.  665. 

widely.  If  the  connection  with  the  machine  be  interrupted,  nothing  »twW 
be  changed  ;  but  if  the  plate  A  be  slowly  approached,  its  neutral  state  beinj: 
decomposed  by  the  influence  of  B,  negative  electricity  is  accumulated  on  its 
anterior  face,  n  (fig.  666),  and  positive  passes  into  the  ground.  But  a> 
the  negative  electricity  of  the  plate  A  reacts  in  its  turn  on  the  positive  of 
the  plate  B,  the  latter  ceases  to  be  equally  distributed  on  both  faces,  and 
is  accumulated  on  its  anterior  face,  m.  The  posterior  face,  /,  ha\*ing  lho> 
lost  a  portion  of  its  electricity,  its  density  has  diminished,  and  is  no  loope 
equal  to  that  of  the  machine,  and  the  pendulum  b  diverges  less  wideh. 
Hence  B  can  receive  a  fresh  quantity  from  the  machine,  which,  acting  » 
just  described,  decomposes  by  induction  a  second  quantity  of  neutral  ^^ 
on  the  plate  A.    There  is  then  a  new  accumulation  of  negative  electridtjr 

on  the  face  ir,  and  consequently  of  pos- 
tive  electricity  on  m.     But  each  time  tte 
the  machine  gives  off  electridt)*  to  tk 
plate,  only  a  part  of  this   passes  to  tk 
face  m,  the  other  remaining  on  the  bet 
p  ;  the  density  here,  therefore,  contiiwo 
to   increase  until   it   equals   that  of  ik 
machine.     From  this  moment  equilibria 
is  established,  and  a  limit  to  the  dtfir 
is  attained  which  cannot  be  exixedi^ 
The  quantity  of  electricity  acnmnbi^ 
now  on  the  two  faces  m  and  n  is  very  considerable,  and  yet  the  pendi " 
diverges  just  as  much  as  it  did  when  A  was  absent,  and  no  more ;  in  ^ 
the  density  at  p  is  just  what  it  was  then — namely,  that  of  the  macbisK. 


Fig.  666. 
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When  the  condenser  is  charged — that  is,  when  the  opposite  electricities 
are  accumulated  on  the  anterior  faces — connection  with  the  ground  is  broken 
by  raising  the  wires.  The  plate  A  is  charged  with  negative  electricity,  but 
simply  on  its  anterior  face  (fig.  666),  the  other  side  being  neutral.  The 
plate  B,  on  the  contrary,  is  electrified  on  both  sides,  but  unequally  ;  the 
accumulation  is  only  on  its  anterior  face,  while  on  the  posterior,  /,  the  den- 
sity is  simply  equal  to  that  of  the  machine  at  the  moment  the  connections 
are  interrupted.  In  fact,  the  pendulum  b  diverges,  and  a  remains  vertical. 
But  if  the  two  plates  are  removed,  the  two  pendulums  diverge  {fi%,  664), 
which  is  owing  to  the  circumstance  that,  as  the  plates  no  longer  act  on  each 
other,  the  positive  electricity  is  equally  distributed  on  the  two  faces  of  the  plate 
B,  and  the  negative  on  those  of  the  plate  A. 

766.  now  disebarire  Mtd  iastasttuieoiis  dlseliarffe. — While  the  plates 
A  and  B  are  in  contact  with  the  glass  (fig.  665),  and  the  connections  inter- 
rupted, the  condenser  may  be  discharged — that  is,  restored  to  the  neutral 
state — in  two  ways  ;  either  by  a  slow  or  by  an  instantaneous  discharge.  To 
discharge  it  slowly,  the  plate  B — that  is,  the  one  containing  an  excess  of  elec- 
tricity— is  touched  with  the  finger  ;  a  spark  passes,  all  the  electricity  on  / 
passes  into  the  ground,  the  pendulum  b  falls,  but  a  diverges.  For  B,  having 
lost  part  of  its  electricity,  only  retains  on  the  face  ///  that  held  by  the  inductive 
influence  of  the  negative  on  A.  But  the  quantity  thus  retained  at  B  is  less 
^han  that  on  A ;  this  has  free  electricity,  which  makes  the  pendulum  a  diverge ; 
&Dd  if  it  be  now  touched,  a  spark  passes,  the  pendulum  a  sinks  while  b  rises, 
ind  so  on  by  continuing  to  touch  alternately  the  two  plates.  The  discharge 
mly  takes  place  slowly  :  in  very  dry  air  it  may  require  several  hours.  If  the 
slate  \  were  touched  first,  no  electricity  would  be  removed,  for  all  it  has  is 
stained  by  that  of  the  plate  B.  To  remove  the  total  quantity  of  electricity 
»y  the  method  of  alternate  contacts,  an  infinite  number  of  such  contacts  would 
beoretically  be  required. 

An  instantaneous  discharge  may  be  effected  by  means  of  the  discharging 
od  i^fig-  667}.  This  consists  of  two  bent  brass  rods,  terminating  in  knobs 
ad  joined  by  a  hinj^c.  When  provided  with  jjlass 
andlcs,  as  in  fig.  667,  it  forms  a  glass  discharging 
wL  In  using  this  apparatus  one  of  the  knobs  is 
ressed  against  one  plate  of  the  condenser,  and  the 
Cber  knob  brought  near  the  other.  At  a  certain  dis- 
mce  a  spark  strikes  from  the  plate  to  the  knob,  caused 
y  the  sudden  recomposition  of  the  two  opposite  elec- 
ricities. 

When  the  condenser  is  discharged  by  the  dis- 
bars^er  no  sensation  is  experienced,  even  though  the 
itter  be  held  in  the  hand ;  of  the  two  conductors, 
be    electricity  chooses  the   better,  and   hence    the  j.-,jj  ^^ 

nchaf^ge  is   effected  through   the  metal,   and    not 

brough  the  body.  But  if,  while  one  hand  is  in  contact  with  one  plate 
be  cither  touches  the  second,  the  discharge  lakes  place  through  the  breast 
»d  arms,  and  a  considerable  shock  is  felt ;  and  the  larger  the  surface  of 
he  condenser,  and  the  greater  the  electric  density,  the  more  violent  is  the 
Hock. 
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767.  CJoadaafllBc  f«r«e. — The  camdemsiMg  force  is  the 
the  whole  charge,  which  the  collecting  plate  can  take  vrfiile  mder  tbe 
influence  of  the  second  plate,  to  that  which  it  moold  take  if  akxie  ;  in  other 
words,  it  is  the  ratio  of  the  capacities  under  the  two  cooditioQS. 

768.  &imtt  of  tbm  tihmxw  of  eontfasMrs.— The  quantity  of  etectxidtf 
which  can  be  accumulated  on  each  plate  is  arteris  faribms^  proportiooal  to 
the  potential  of  the  electricity  on  the  conductor,  and  to  die  snr^ce  of  the 
plates  ;  it  decreases  as  the  insulating  plate  is  thicker,  and  it  difiers  with  tbe 
specific  inductive  capacity  of  the  substance.  There  is,  however,  a  limit  in 
the  case  of  each  condenser  beyond  which  it  cannot  be  diarged.  The  cfiect 
of  dielectric  polarisation  (747)  is  to  put  the  medium  into  a  state  of  strain 
from  which  it  is  always  trying  to  release  itsell^  and  which  is  the  eqotvaleot 
of  the  work  done  in  charging  a  condenser.  This  is,  indeed,  the  seat  of  die 
electrical  energy.  It  is  as  if  two  surfaces  were  pulled  together  by  elastic 
threads  which  repelled  each  other  laterally.  When  the  strain  exceeds  a 
certain  limit,  a  discharge  takes  place  through  the  mass  of  the  dielcGtric, 
generally  accompanied  by  light  and  sound,  and  with  a  temporary  or  penna- 
nent  rupture  of  the  dielectric  according  as  it  is  fluid  or  solid.  Thb  b  what 
takes  place  when  a  substance — glass,  for  instance — is  exposed  to  a  cootiiHially 
increasing  pressure  ;  a  point  is  ultimately  reached  at  which  the  glass  gives 
way,  and  the  pressure  at  that  point  is  a  measure  of  the  resistance  to  firactoit 
of  the  glass.  In  like  manner,  the  point  at  which  the  electrical  discharge  takes 
place  is  a  measure  of  the  electrical  strength  of  the  dielectric  This  dectrical 
strength  is  greater  in  dense  than  in  rarefied  air,  and  in  glass  than  in  air. 

We  may,  following  Maxwell,  further  illustrate  this  point  by  the  tuistio; 
of  a  wire  :  a  wire  in  which  a  small  force  produces  a  permanent  twist  cone- 
sponds  to  the  case  of  the  conductipn  of  electricity  in  a  good  conductor ;  one 
which  having  been  twisted,  reverts  to  its  former  shape  when  the  twisting  fcrte 

is  removed,  iscooi- 
pletely  elastic,  and 
corresponds  to  t 
perfect  insulator 
with  respect  to  the 
charge  emplo)^ 
If  no  permaneat 
twist  can  be  gita 
to  the  wire  bf  « 
force  which  does 
not  break  it,  the 
wire  is  brittle.  A 
dielectric  such  as 
air,  which  does  o« 
transmit  electridtr 
except  by  disniptnt 
discharge,  may  be 
said  to  be  elcctn- 
cally  brittle. 

769.  rnlminatiiir  pane,     rranklla's  plate.— This  is  a  simple  fonn  ^ 
the  condenser,  and  is  more  suitable  for  giving  strong  shocks  and  sparis.   1^ 


Fig.  668. 
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consists  of  a  glass  plate  fixed  in  a  wooden  frame  (fig.  668)  ;  on  each  side  of 
the  glass,  pieces  of  tinfoil  are  fastened  opposite  each  other,  leaving  a  space 
free  between  the  edge  and  the  frame.  It  is  well  to  cover  this  part  of  the 
g^lass  with  an  insulating  layer  of  shellac  varnish.  One  of  the  sheets  of  tin- 
foil is  connected  with  the  ring  on  the  frame  by  a  strip  of  tinfoil,  so  that  it  can 
be  put  in  communication  with  the  ground  by  means  of  a  chain.  To  charge 
the  pane  the  insulated  side  is  connected  with  the  machine.  As  the  other  side 
communicates  with  the  ground,  the  two  coatings  play  exactly  the  part  of  the 
midenser.  On  both  plates  there  are  accumulated  large  quantities  of  contrary 
electricities. 

The  pane  may  be  discharged  by  pressing  one  knob  of  the  discharger 
i^ainst  the  lower  sur£Eu:e,  while  the  other  is  brought  near  the  upper  coating. 
K  sparic  ensues,  due  to  the  recombination  of  the  two  electricities  ;  but  the 
iperator  experiences  no  sensation,  for  the  discharge  takes  place  through  the 
■ire.  But  if  the  connection  between  the  two  coatings  be  made  by  touching 
liem  with  the  hands  a  violent  shock  is  felt  in  the  hands  and  breast,  for  the 
»inbination  then  takes  place  through  the  body. 

770.  l^jdea  Jar. — ^The  Leyden  jar ^  so  named  from  the  town  of  Leyden, 
riiere  it  was  invented,  is  essentially  a  modified  condenser,  or  fulminating 
Moe  r<^led  up.  Fig.  669  represents  a  Leyden  jar  of  the  usual  French  shape 
n  the  process  of  being  charged.  It  consists  of  a  glass  jar  of  any  conve- 
Dent  size,  the  interior  of  which  is  either  coated  with  tinfoil  or  filled  with  thin 
eaves  of  copper,  or  with  gold-leaf.  Up  to  a  certain  distance  from  the  neck 
be  outside  is  coated  with  tinfoil.  The  neck  is  provided  with  a  cork,  through 
fiiich  passes  a  brass  rod, 
rhich  terminates  at  one 
aid  in  a  knob,  and  com- 
Mtnicates  with  the  metal 
o  the  interior.  The  mc- 
allsc  coatings  are  called 
cspectively  the  iVt/mt  and 
mier  coatings  or  armo' 
iKryx.  Like  any  other  con- 
ienser,  the  jar  is  charged 
ff  connecting  one  of  the 
oatings  with  the  ground, 
md    the  other  with   the  ***  ^ 

OQTce  of  electricity.  When  it  is  held  in  the  hand  by  the  outer  coating,  and 
be  knob  presented  to  the  positive  conductor  of  the  machine,  positive  clectri- 
jty  is  accumulated  on  the  inner  and  negative  electricity  on  the  outer  coating. 
rbe  reverse  is  the  case  if  the  jar  is  held  by  the  knob,  and  the  external  coating 
Mcscnted  to  the  machine.  The  positive  charge  acting  inductively  across 
be  dielectric  glass,  decomposes  the  electricity  of  the  outer  coating,  attracting 
be  negative  and  repelling  the  positive,  which  escapes  by  the  hand  to  the 
gRMind.  Thus  it  will  be  seen  that  the  action  of  the  jar  is  the  same  as  that 
af  the  condenser,  and  all  that  has  been  said  of  this  applies  to  the  jar,  sub- 
stitiiting  the  two  coatings  for  the  two  plates  A  and  B  of  fig.  665. 

Like  any  other  condenser,  the  Leyden  jar  may  be  discharged  either  slowly 
tir  instantaneously.    For  the  latter  purpose  it  is  held  in  the  hand  by  the  out- 
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side  coating  (fig.  670),  and  the  two  coatings  are  then  connected  by  means  of 
the  simple  discharger.  Care  must  be  taken  to  touch  first  the  external  coat- 
ing with  the  discharger,  otherwise  a  smart  shock  will  be  felL  To  discharge 
it  slowly  the  jar  is  placed  on  an  insulated  plate,  and  first  the  inner  and  tbco 
the  outer  coating  touched,  either  with  the  hand  or  with  a  metallic  condoctor. 
A  slight  spark  is  seen  at  each  discharge. 

Fig.  671   represents  a  very  pretty  experiment  for  illustrating  the  slow 
discharge.     The  rod  terminates  in  a  small  bell,  d^  and  the  outside  coating 


Fig.  670.  Fig.  671. 

in  connected  with  an  upright  metallic  support,  on  which  is  a  similar  bell /*• 
Between  the  two  bells  a  light  brass  ball  is  suspended  by  a  silk  thread  The 
jar  is  then  charged  in  the  usual  manner  and  placed  on  the  support  m.  The 
internal  coating  contains  a  quantity  of  free  electricity  ;  the  pendulum  is 
attracted  and  immediately  repelled,  striking  against  the  second  bell,  to  which 
it  imparls  its  free  electricity.     Being  now  neutralised,  it  is  again  attracted  by 


Fig.  672. 

the  first  bell,  and  so  on  for  some  time,  especially  if  the  air  be  dry,  voA  tl« 
jar  somewhat  large. 

771.  I^eyden  Jar  wltbmorable  coatlnrs- — This  apparatus  (6g.  67:  ^ 
used  to  demonstrate  that  in  the  Leydenjar  the  opposite  electricities  are  »■< 
accumulated  on  the  coatings  merely,  but  are  storeJd  up  in  the  state  of  ftn-n 
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loto  which  the  glass  is  put.  It  consists  of  a  somewhat  conical  glass  vessel, 
^  ,  with  movable  coatings  of  zinc  or  tin,  C  and  D.  These  separate  pieces  placed 
;e  in  the  other,  as  shown  in  figure  A,  form  a  complete  Leyden  jar.  After  hav- 
[g  chained  the  jar,  it  is  placed  on  an  insulating  cake  ;  ihe  internal  coating  is 
removed  by  the  hand,  or  better  by  a  glass  rod,  and  then  the  glass  vessel. 
The  coatings  are  found  to  contain  little  or  no  electricity,  and  if  they  arc 
f|>]aced  on  the  table  they  are  restored  to  the  neutral  state.  Nevertheless, 
^  hen  the  jar  is  put  together  again,  as  represented  in  the  figure  at  A,  a  shock 
ly  be  taken  from  it  ahnost  as  strong  as  if  the  coatings  had  not  been  re- 
It  is  therefore  concluded  that  the  coatings  principally  play  the  part 
conductors,  distributing  the  electricity  over  the  surface  of  the  glass,  which 
hus  becomes  polarised,  and  retains  this  state  even  when  placed  on  the  table, 
|«»wing  to  its  imperfect  conductivit>% 

\  The  experiment  may  be  conveniently  made  without  any  special  form 
Ibf  apparatus  by  forming  a  Leyden  jar,  of  which  the  inside  and  outside 
ktlngi  are  of  mercur)',  charging  it  ;  then  having  mixed  the  two  coatings, 
ippAratus  is  put  together  again,  upon  which  a  discharge  may  be  once 

taken. 
772,  &telite]iberK*B  flrores. — This  experiment  well  illustrates  the  oppo- 
Ihitc  elcctricnl  conditions  of  the  two  coatings  of  a  Leyden  jar.  Holding  a 
far  charged  with  positive  elec- 
ricity  by  the  hand,  a  series  of 
arc  drawn  T^ith  the  knob 
a  cake  of  resin  or  vulcanite  ; 
having  placed  the  jar  on 
IB  lasalator,  it  is  held  by  the 
Bilob»  and  another  series  traced 
jf  ineims  of  the  outer  coating, 
amisiiureof  red-lead  and 
tour  of  lulphur  be  projected  on 
cakc^  the  sulphur  will  attach 
to  the  positive  lines,  and 
red  lead  to  the  negative 
;  the  reason  being  that  in 
the  powders  the  sulphur 
beceme  negatively  etectri- 
and  the  fed  lead  positively. 
rbc  %ulphur  will  arrange  itself 
toi^  with  numerous  diverging 

whde  the  red  lead  will  take  the  form  of  small  circular  spots,  in- 
a  diflercncc  in   the   two  electricities  on  the  surface  of  the  resin, 
filplim  form,  in  short,  a  very  sensitive  electroscope  for  investigating 
diiCfibtJtion  of  electricity  on  an  insulating  surface. 

Fig.  67 J  represents  the  appearance  of  a  plate  of  resin,  which  has  been 
by  the  knob  of  a  Leyden  jar  charged  with  positi%*e  electricity,  and 
ktllefi  been  dinted  with  lyco|jodium  powder. 

775*  Stfcidmal  cliarve.   -Not  only  do  the  electricities  adhere  to  the  two 

nf  the  insulating  medium  which  separates  them,  but  ihcy  penetrate 

a  reitain  extent  into  the  interior,  as  is  shown  by  the  following  expert- 
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ment  :~A  condenser  is  formed  of  a  plate  of  shellac  and  movable  meul 
plates.  It  is  then  charged,  retained  in  that  state  for  some  time,  and  after- 
wards discharged.  On  removing  the  metal  coatings  and  examining  bodi 
surfaces  of  the  insulator,  they  show  no  signs  of  electricity.  After  some  time, 
however,  each  face  exhibits  the  presence  of  some  electricity  of  the  same 
kind  as  that  of  the  plate  with  which  it  was  in  contact  while  the  apparatus 
was  charged.  This  is  explained,  by  some,  as  a  kind  of  electrical  absofp- 
tion. 

A  phenomenon  frequently  observed  in  Leyden  jars  is  of  the  same  nature. 
When  a  jar  has  been  discharged  and  allowed  to  stand  a  short  time,  h 
exhibits  a  second  charge,  which  is  called  the  electric  residue.  The  jar  may 
be  again  discharged,  and  a  second  residue  will  be  left,  feebler  than  the  first, 
and  so  on,  for  three  or  four  times.  Indeed,  with  a  delicate  electroscope  a 
long  succession  of  such  residues  may  be  demonstrated.  The  residoe  is 
grater  the  longer  the  jar  has  remained  charged.  The  magnitude  of  tke 
residue  further  depends  on  the  amount  of  the  charge,  and  also  on  the 
degree  in  which  the  metal  plates  are  in  contact  with  the  insulator.  It 
varies  with  the  nature  of  the  substance,  but  there  is  no  residue  with 
either  liquids  or  gaseous  insulators.  Faraday  found  that  with  paraffioe 
the  residue  was  greatest,  then  with  shellac,  while  with  glass  and  sulphur  it 
was  least  of  all.  Kohlrausch  has  found  that  the  residue  is  nearly  propoitioial 
to  the  thickness  of  the  insulator.  If  successive  small  charges,  alternately 
positive  and  negative,  be  imparted  to  the  jar,  it  is  found  that  the  residoal 
charges  come  out  in  the  reverse  order  in  which  the  original  charges 
go  in. 

Maxwell  proved  that  a  dielectric  composed  of  strata  of  different  materials 
may  exhibit  the  phenomena  of  the  residual  charge,  even  though  none  of  the 
substances  composing  it  exhibit  it  when  alone. 

From  what  has  been  said  as  to  the  state  of  mechanical  strain  in  wbicb 
the  dielectric  of  a  condenser  is  thrown  when  charged  with  electricity,  it  is 
not  difficult  to  account  for  the  phenomenon  of  the  residual  charge.  Ab 
elastic  body,  such  as  a  steel  plate,  which  has  been 
twisted  or  bent,  reverts  to  its  original  state  when  the 
force  which  brought  about  the  deformation  ceases  to 
act,  but  not  quite  completely.  A  certain  length  of 
time  is  required  for  this  alteration  to  take  place,  btf 
the  change  is  promoted  by  any  gentle  mechamcal 
action,  such  as  tapping,  which  gives  the  molecules  a 
certain  freedom  of  motion.  Hopkinson  has  xsai^ 
an  experiment  with  a  Leyden  jar  which  is  quite  ana- 
logous to  this.  A  glass  vessel  (fig.  674)  contains  sul- 
phuric acid,  and  in  it  is  placed  a  thirmer  one,  about  half 
full  of  the  same  liquid.  Platinum  wires  dip  in  the  two  liquids,  one  of  whid 
is  in  connection  with  the  prime  conductor  of  an  electrical  machine,  while  the 
other  is  connected  with  the  earth.  The  arrangement  forms,  in  short,  a  cob- 
denser,  the  coatings  of  which  are  sulphuric  acid.  When,  after  being  th«s 
charged,  the  jar  is  discharged,  after  some  time  a  residual  discharge  may  ^ 
taken  by  again  connecting  the  wires  ;  if,  however,  the  inner  jar  be  gentl} 
struck  with  a  piece  of  wood,  the  residue  makes  its  appearance  much  wf*^ 


Fig.  674. 
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fapidly.    The  same  observer  draws  a  parallel  between  the  phenomena  of  the 
tcsidual  charge  and  those  of  residual  magnetism  (715). 

774*  aieotrlo  b&tterioft. — The  charge  which  a  Leyden  jar  can  take 
depends  on  the  extent  of  the  coated  surface,  and  for  small  thicknesses  is 
ioTtrsdy  proportional  to  the  thickness  of  the  insulator.  Hence,  the  larger 
WeA  thinner  the  jar  the  more  powerful  the  charge.  But  very  large  jars  are 
Expensive,  and  liable  to  break ;  and  when  too  thin,  the  accumulated  elec- 
tricities are  apt  to  discharge  themselves  through  the  glass,  especially  if 
it  is  not  quite  homogeneous.  Leyden  jars  have  usually  from  J  to  3  square 
of  coated  surface.     For  more  powerful  charges  electric  batteries  are 


An  electric  battery  consists  of  a  series  of  Leyden  jars,  whose  internal 

liid  extcfnal  coatings  are  respectively  connected  with  each  other  (fig.  675). 

Sliey  are  usually  placed  in  a  wooden  box  lined  on  the  bottom  with  tinfoil. 

Thift    lining  is  connected    with   two   metal   handles   in   the   sides    of  the 

The   inner  coatings  are  connected  with  each  other  by  metal  rods, 

the   battery  is  charged  by  placing  the  inner  coatings  in  connection 

the  prime  conductor,  while    the   outer  coatings   are  connected   with 

froand  by  means  of  a  chain  fixed  to  the  handles.     A  quadrant  electro- 

fijted   to  one  jar  indicates   the  charge  of  the  battery.      Although 

is    a    large 

^untity    of    elec- 

ridiy  accumulated 

the     apparatus 

itm    divergence    is 

greatf  for  it  is 

imply  due  to  tJie 

electricity  on 

inner  coaling. 

larger    and 

bore        numerous 

|liry  are,  the  longer 

the  time  required 

)  cbafge  the  bat- 

wf^  but  the  effects 

«    90    much    the 

ore     powerful 

Whco  a  battery  ^«  ^^^ 

Ml  te  digcbarged,  the  coatings  are  connected  by  means  of  the  dbcharg^tng 
d*  tbt  OOliide  coating  being  touched  firsL  Great  care  is  required^  fox  with 
■jes  serious  and  even  fatal  accidents  may  occur* 
775,  Whm  ttBiTersml  di«oliarE«r.— This  is  an  almost  indispensable  ap- 
in  experiment?*  with  the  elearic  battery.  On  a  wooden  stand  {^'g^ 
p)  are  two  jfiass  legs,  each  provided  with  universal  joints,  in  which  movable 
rods  are  fitted.  Between  these  legs  is  a  small  ivory  table,  on  which  is 
tte  object  under  experiment.  The  two  metal  knobs  being  directed 
file  objects,  one  of  them  is  connected  with  the  outer  coating  of 
V  asid  the  moment  communication  is  made  between  the  outer  i 
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Ihe  inner  coating  by  means  of  the  glass  discharging  rod,  a  rioleot  diod 
passes  through  the  object  on  the  table. 

776.  Cl&ftrfff  Off  bjr  oa«ca<le. — A  series  of  Leyden  jars  are  placed 

separately  on  insulating   supports.     The  knob  of  the  first  is  in  coi 
with  the  prime  conductor  of  the  machine,  and  its  outer  coating  joined 
knob  of  the  second,  the  outer  coating  of  the  second  to  the  knob  of  the 
and  so  on,  the  outer  coating  of  the  last  communicating  with  the 
The  inner  coating  of  the  first  receives  a  charge  of  positive  electricity 
the  machine,  and  the  corresponding  positive  electricity  set  free  by  indi 
on  its  outer  coating,  instead  of  passing  to  the  ground,  gives  a  positiire  chargi 
to  the  inner  coating  of  the  second,  which,  acting  in  like  manner,  d^velrtpks  i 


charge  in  the  third  jar,  and  so  on  to  the  last,  where  the 

developed  by  induction  on  the  outer  coating  passes  to  the  groiiad.    Tbei 

J  fxiay  be  discharged  either  singly  by  connecting  the  inner  aod  outef 
'  each  jar,  or  simultaneously  by  connecting  the  inner  ccatii^iif  tilt  i 

^^th  the  outer  of  the  last.     In  this  way  the  quantity  of  electricky  1 
to  charge  one  jar  is  available  for  charging  a  series  of  jjin^ 

777.  ACeasorement   of   ttie  eluurc^s   of   a  ttattavy,     linitTV 
meter. — When  the  outer  and   Inner  coatings  of  a  charged   Leydca  \ 
gradually  brought  nearer  each  other,  at  a  certain  distance  ai 
charge  ensues.     The  distance  b  called  the  striking  or 
For  the  same  charge  it  is  inversely  proportional  to  the  preMORof  skti 
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and,  with  the  same  jar  but  different  charges,  directly  proportional  to  the 
electric  density  of  that  point  of  the  inner  coating  at  which  the  discharge 
takes  place.  As  the  density  of  any  point  of  the  inner  coating,  other  things 
remaining  the  same,  is  proportional  to  the  entire  charge,  the  striking  distance 
is  proportional  to  the  quantity  of  electricity  in  a  jar.  The  measurement  of 
the  charge  of  a  battery,  however,  by  means  of  the  striking  distance,  can  only 
take  place  when  the  charge  dis- 
appears. 

By  means  of  Lane's  electro- 
meter, which  depends  on  an 
application  of  this  principle,  the 
charge  of  a  jar  or  battery  may 
be  measured.  This  apparatus, 
c  (fig.  677),  consists  of  an  ordi- 
nary Lcyden  jar,  near  which 
there  is  a  vertical  metallic  sup- 
port. At  the  upper  end  is  a 
brass  rod,  with  a  knob  at  one 


Fig.  677. 


end,  which  can  be  placed  in  metallic  connection  with  the  outside  of  the  jar  : 
the  rod  being  movable,  the  knob  can  be  kept  at  a  measured  distance  from 
the  knob  of  the  inner  coating.  Fig.  677  represents  the  operation  of  measur- 
ing the  charge  of  a  jar  by  means  of  this  apparatus.  The  jar  ^,  whose  charge 
is  to  be  measured,  is  placed  on  an  insulated  stool  with  its  outer  coating  in 
metallic  connection  with  the  inner  coating  of  Lane's  jar  r,  the  outer  coating 
of  which  is  in  connection  with  the  ground,  or  still  better  with  a  system  of  gas 
or  water  pipes  ;  a  is  the  conductor  of  the  machine.  When  the  machine  is 
worked,  positive  electricity  passes  into  the  jar  ^ ;  a  proportionate  quantity  of 
positive  electricity  is  repelled  from  its  outer  coating,  passes  into  the  inner 
coating  of  the  electrometer,  and  there  produces  a  charge.  When  this  has 
reached  a  certain  limit,  it  discharges  itself  between  the  two  knobs,  and  as 
often  as  such  a  discharge  takes  place,  the  same  quantity  of  positive  electricity 
will  have  passed  from  the  machine  into  the  battery  ;  hence  its  charge  is  pro- 
portional to  the  number  of  discharges  of  the  electrometer. 

77Z.  Mmnidm  unit  jar. — Harris's  unit  jar  (fig.  678)  is  an  application 
of  the  same  principle,  and  is  often  convenient  for  measuring  quantities 
of  electricity.  It  consists  of  a  small 
Le>'den  phial,  4  inches  in  length  and  J 
of  an  inch  in  diameter,  coated  to  about 
an  inch  from  the  end,  so  as  to  expose 
about  6  inches  of  coated  surface.  It  is 
fixed  horizontally  on  a  long  insulator, 
and  the  charging  rod  connected  at  P 
with  the  conductor  of  the  machine, 
while  the  outer  coating  is  connected 
with  the  jar  or  battery  by  the  rod  /  /. 
When  the  accumulation  of  electricity  in  the  interior  has  reached  a  certain 
height  depending  on  the  distance  of  the  two  balls  m  and  xr,  a  discharge  ensues, 
and  marks  a  certain  quantity  of  electricity  received  as  a  charge  by  the 
battery,  in  terms  of  the  small  jar. 


Fig.  67S. 
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Harris,  by  means  of  experiments  with  the  tmit  jar  suitably  modified,  and 
Riess,  by  analogous  arrangements,  found,  by  independent  researdies,  that 
for  small  distances  the  striking  distance  m  is  directly  proportional  to  the 
quantity  of  electricity,  and  inversely  proportional  to  the  extent  of  coated 
surface ;  in  other  words,  it  is  proportional  to  the  potential  Thus,  taking  the 
surface  of  one  jar  as  unity,  if  a  battery  of  six  Leyden  jars  charged  by  loo 
turns  of  the  machine  has  a  striking  distance  of  9  millimetres,  a  batteiy  of 
four  similar  jars  charged  by  120  turns  will  have  the  striking  distance  of  16-3 
millimetres.    For  ,^^ 

6  4 

As  the  striking  distance  increases  this  proportionality  ceases  to  hold,  owiog 
probably  to  the  greater  loss  of  electricity  at  high  potentials,  and  also  to  the 
increased  duration  of  the  discharge.  Riess  also  found  that  when  a  batteiyor 
jar  is  discharged  at  the  greatest  strikmg  distance,  the  residual  charge,  idien 
the  discharge  takes  place  at  the  greatest  striking  distance,  is  always  in  the 
same  proportion  to  the  entire  charge.  In  Riess's  experiments,  0*846  or  jl 
of  the  total  charge  disappeared  and  only  ^^  remained. 

779.  Volta's  eondenslBff  eleetroscope. — The  condensing  electroscope 
invented  by  Volta  is  a  modification  of  the  ordinary  gold-leaf  electroscope 


(7  5  p.  The  rod  to  which  the  gold-leaves  are  affixed  terminates  in  a  d«f 
instead  of  in  a  knob,  and  there  is  another  disc  of  the  same  size  prmided  vitk 
an  insulating  glass  handle.  The  discs  are  covered  with  a  layer  of  insalitii^ 
shellac  varnish  (fig.  679). 
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:nder  very  small  quantities  of  electricity  perceptible  by  this  apparatus 
le  plates,  which  thus  becomes  the  collecting  piate^  is  touched  with 
f  under  examination.  The  other  plate,  the  condensing  plate ^  is  con- 
rith  the  ground  by  touching  it  with  the  finger.  The  electricity  of 
^,  being  diffused  over  the  collecting  plate,  acts  inductively  through 
lish  on  the  other  plate,  attracting  the  opposite  electricity,  but 
\  that  of  like  kind.  The  two  electricities  thus  become  accumulated 
¥0  plates  just  as  in  a  condenser,  but  there  is  no  divergence  of  the 
or  the  opposite  electricities  counteract  each  other.  The  finger  is 
lOved,  and  then  the  source  of  electricity,  and  still  there  is  no  diver- 
but  if  the  upper  plate  be  raised  (fig.  680)  the  neutralisation  ceases, 
electricity  being  free  to  move  diffuses  itself  over  the  rod  and  the 
/hich  then  diverge  widely.  The  delicacy  of  this  electroscope  is  in- 
by  adapting  to  the  foot  of  the  apparatus  two  metal  rods,  terminat- 
nobs ;  for  these  knobs,  being  excited  by  induction  from  the  gold 
eact  upon  them. 

11  further  degree  of  delicacy  is  attained  if  the  rods  be  replaced  by  two 
jerger's  dry  piles,  one  of  which  presents  its  positive  and  the  other  its 

pole.  Instead  of  two  gold  leaves  there  is  only  one  ;  the  least  trace 
icity  causes  it  to  oscillate  either  to  one  side  or  to  the  other,  and  at 
5  time  shows  the  kind  of  electricity. 

Thomson's  quadrant  electrometer. — Sir  William   Thomson  has 
a  new  and  delicate  form  of  electrometer,  by  which  accurate  measure- 
r  the  amount  of  electrical 
nay  be  made.     The  prin- 

this  instrument  may  be 
Kxi  from  the  following  de- 
i  of  a  form  of  it  constructed 
lire   purposes    by   Messrs. 

g^ht  flat  broad  aluminium 
ig.  68 1 )  hangs  by  a  very  fine 
m  the  inner  coating  of  a 
Leyden  jar,  the  outer  coat- 
g  in  conducting  communi- 
ith  the  earth.  The  whole 
IS  is  enclosed  within  a  glass 
nd  the  air  is  kept  dry  by 
f  a  dish  of  sulphuric  acid  ; 
therefore,  very  little  loss  of 
ty,  and  the  needle  remains 
ually  constant  charge, 
needle  is  suspended  over 
drantal  metal  plates,  insu- 
•m  each  other  and  from  the 
by  resting  on  glass  rods, 
smate  quadrants  are  in  conducting  comnniniration  with  each  other 
IS  of  wires.  If  now  all  the  quadrants  are  in  the  same  electrical  con- 
le  needle  will  be  at  rest  when  it  is  directly  over  one  of  the  diametrical 
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slits.  But  if  the  two  pairs  of  quadrants  are  charged  with  opposite  kinds 
of  electricity,  as  when,  for  instance,  they  are  connected  with  the  two  poles  of 
an  insulated  voltaic  cell  by  means  of  the  knobs,  then  each  end  of  the  needle 
will  be  repelled  by  the  pair  of  quadrants  which  are  electrified  like  itself,  and 
will  be  attracted  by  the  other  pair.  It  will  thus  be  subject  to  the  action  of  a 
couple  tending  to  set  it  obliquely  to  the  slit. 

In  order  to  render  the  slightest  motion  of  the  needle  visible,  a  small  sflw 
concave  mirror  with  a  radius  of  about  a  metre  is  fixed  above  it  The 
light  of  a  petroleum  lamp,  not  represented  in  the  figure,  strikes  against  this, 
and  is  reflected  as  a  spot  on  a  horizontal  scale.  Any  deflection  of  the  needle, 
either  on  one  side  or  the  other,  is  indicated  by  the  motion  of  the  spot  of 
light  on  the  scale  (520). 

781.  Ttioinsoii's  absolute  eleotr<nnoter. — ^Another  class  of  electro- 
meters, also  invented  by  Sir  W.  Thomson,  have  the  advantage  of  fumishii^ 
a  direct  measure  of  electrical  constants  in  absolute  measure.  Fig.  682 
represents  the  essential  features  of  a  modified  form  of  the  electrometer, 
which  has  been  devised  by  Professor  Foster  for  class  experiments. 

Two  plane  metal  discs  A  and  B,  about  10  cm.  in  diameter,  are  kept  at  a 
distance  from  each  other,  which  is  small  in  proportion  to  their  diameters, 
but  which  can  be  very  accurately  measured.  Out  of  the  centre  of  the  upper 
one  is  cut  a  disc  c  ;  this  is  suspended  by  insulating  threads  from  one  exul  of 
the  arm  a  ^  of  a  balance,  at  the  other  end  of  which  is  a  counterpoise,  or  a 
scale  pan  p.  At  the  end  of  the  arm  is  a  fork,  across  which  is  stretched  a 
fine  wire  ;  when  the  disc  is  exactly  in  the  plane  of  the  circular  band  or  ring 
which  surrounds  it,  and  which 
is  called  the  guard  ring^  this 
fine  wire  is  exactly  across  the 
interval  between  two  marks 
in  the  upright,  and  the  posi- 
tion of  which  can  be  accu- 
rately determined  by  means 
of  the  lens  C.  The  disc  and 
the  guard  ring  are  kept  at  a 
constant  potential,  being  con- 
nected by  a  wire  with  a  con- 
stant source  of  electricity, 
while  the  other  can  be  kept 
at  any  potential. 

Suppose    now    that   the 
whole  system  is  at  the  same 
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potential,  and  that  the  disc  is  exactly  balanced  so  as  to  be  in  the  plane  of  the 
guard  ring.  If  now  A  be  electrified  to  a  given  potential,  while  the  plate  B 
is  connected  with  the  earth,  then  the  body  charged  with  electricity  of  higher 
potential— that  is,  the  disc  —will  be  urged  towards  the  body  of  lower  potential 
the  fixed  plate  ;  and  in  order  to  retain  it  exactly  in  the  plane  of  the  guard 
ring  the  force  applied  at  the  other  end  of  the  lever  must  be  increased.  Tbi» 
may  be  done  by  altering  the  distance  of  the  counterpoise,  or  by  adding  m^ightt 
to  a  scale  pan,  and  the  additional  weight  thus  applied  is  a  measure  of  the 
attractive  force. 
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Now,  it  can  be  shown  that  the  attractive  force  between  any  two  plates 
ectrified  to  different  potentials  is  proportional  to  the  square  of  the  differ- 
ice  of  potentials,  provided  the  distance  between  them  is  small  in  comparison 
th  their  area,  and  that  the  portions  of  the  plates  opposite  each  other  are 
some  distance  from  the  edge.  These  conditions  are  fulfilled  in  the  above 
se.  If  S  is  the  area  of  the  disc,  //the  distance  of  the  plates,  V- V,  the 
flference  of  potentials,  and  F  the  force  required  to  balance  a  certain  attrac- 
iD,  then 

F_(v-v,)!s 

rV-Ojthisis^SandV-rf^*'. 

Now  as  F  is  expressed  by  a  weight  and  S  and  d  depend  on  measures  of 
igth,  we  have  a  means  of  expressing  difference  of  potentials  in  absolute 
easure  (709). 

It  is  also  clear  that  the  experiments  may  be  modified  by  making  the 
right  constant,  and  the  distance  variable.  By  means  of  micrometric 
lahgements  the  distance  of  the  plates  may  be  varied  and  measured  with 
ry  great  accuracy. 

782.  Votaatlal  mud  eapaeifj  of  a  Keyden  jar. — Let  us  suppose  A  (fig. 
Ij)  to  represent  an  insulated  metal  sphere,  and  let  us  consider  it  placed 

conducting  communication  with  a  source  of,  say,  positive  electricity, 
liich  is  supposed  to  be  at  a  constant  potential  V.      Then  its  potential  V  is 

,  and  its  charge  ^- VR,  R  being  the  radius  of  the  sphere  A. 

Suppose  now  it  be  possible  to  surround  this  sphere  by  an  external  conduct- 
g  shell  or  envelope  B,  which  is  in  connection  with  the  ground  ;  movements  of 
fictricity  will  take  place  ;  a  new  equilibrium 
Jl  be  established,  and  there  will  now  be  two 
xtrical  layers-  one  on  the  sphere  A,  and 
e  other  on  the  sphere  B.  These  will  have 
•  action  on  any  external  point,  which  is  only 
•able  provided  the  charges  are  equal  and 
MtlBiy.  If  +  (2  is  the  charge  on  the  inner, 
ea  —  Q  is  that  on  the  outer  sphere  (745)» 

Tlie  charge  of  the  original  sphere  is  at 
K  not  altered  by  this  operation,  but  its 
Cential  is  less,  its  capacity  being  now 
eater ;  but,  as  it  is  in  contact  with  the 
BTce,  which  is  constant,  it  receives  fresh 
arges  of  electricity  until  it  is  again  at  the 
icntial  of  the  source  V. 

Now  let  us  suppose  that  the  insulating  layer  which  separates  the  inner 
•n  the  outer  coating  is  air,  and  that  its  thickness  is  /  ;  then  the  potential 
of  the  whole  system  is  made  up  of  two  parts,  the  first  due  to  the  elec- 

cal  charge  of  the  inner  sphere  V  «  +  '^,  and  the  second  due  to  the  charge 

the  outer  sphere     -  j^.  J  ^^at  >s,  ^  -  j^  -  j^,  =  -    ^^  j^t—  »  or  Q  -  j^^-  ^, 
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Nov,  the  charge  of  the  insulated  ^iberef«VR;  hence  f-^^^  But 

R'-R  is  the  thidaiess  of  the  dickctiic,  whidu  fer  the  sake  of  simplicity,  «t 

O     R' 
win  suppose  is  air,  and,  calfing  this  A  ve  have  3 »  — ;  that  is,  that  the 

charge  is  inversdy  as  the  thidmess  of  the  didectric 

It  is  to  be  obserred  that  the  resnhs  here  obtained  apply  strictly  only  to 
the  supposed  case  in  which  the  inner  conductor  b  completely  smroonded  by 
the  oater  one  (745),  which  is  not  the  case  with  the  ordinary  form  of  a  Leytkn 
jar.     It  may,  however,  be  applied  to  them  if  we  compare  honMlogoos  jars : 

in  the  above  formula  Q»  ^y^,if  Rand  R' are  nearly  equal,  then  Q.L^« 

^^iTL, «  •i'  where  S  is  the  sutCmx  and  /  the  thickness  of  the  dicfcctnc. 

c 
In  this  formula  —  is  a  constant  for  a  Leyden  jar  of  given  dimensions,  and 

4»/ 
represents  the  capacity  of  the  jar. 

If  instead  of  air  there  be  a  solid  or  liquid  dielectric,  whose  specific  indue- 

vs   vs« 

tive  capacity  is  c,  the  formula  becomes  Q  -  -—  «  —— .     If  the  dielectric  be 
^^^  *•     4a'/     4«f 

c 

partly  air  and  partly  some  other  material  such  as  glass,  then  if  the  thick- 

VS 
ncss  of  this  latter  is  ^,  Q  -  -  _  _. .     The  expression  B  is  sometnno 


^('-**D 


written  /',  and  represents  the  thickness  of  the  la^-er  of  air  equivalent  to  it  in 

specific  inductive  capacity.     It  is  also  called  the  reduced  tkickniss. 

VRR'  RR' 

From  the  expression  (J  «       -      we  get  the  capacity  C  -  -.v--w  I  or  as  abcwt 
K  —  K  R  — R 

R  R' 

-        ,  so  that  the  presence  of  the  envelope  multiplies  the  capacity  of  tbe 

R' 
sphere   by  — . 

If  R'  is  so  great  that  the  value  of  K  in  the  denominator  may  bcdi>l^ 
garded,  we  get  C  =  R  which  is  the  expression  for  the  capacity  of  an  insuUttd 
sphere  '739'  ;  such  a  sphere  may  indeed  be  regarded  as  a  condenser.  i« 
which  the  layer  of  air,  between  it  and  the  sides  of  the  room,  represents  tk 
dielectric. 

If  a  series  of  n  identical  jars  are  joined  in  surface,  w*e  have  a  condoutf 
whose  capacity  is  equal  to  the  /i-fold  capacity  of  a  single  jar. 

If  these  n  jars  are  joined  in  cascade,  the  capacity  of  the  system  is  that" 
a  single  jar,  the  dielectric  of  which  is  n  times  as  thick. 
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THE  ELECTRIC  DISCHARGE. 

783.  Wtoets  Of  tlie  eleetrle  dtooliMve. — The  recombination  of  the  two 
electricities  which  constitutes  the  electrical  discharge  may  be  either  con- 
tinuous or  sudden :  continuous^  or  of  the  nature  of  a  current,  as  when  the 
two  conductors  of  a  Holtz's  machine  are  joined  by  a  chain  or  a  wire  ;  and 
sttddem^  as  when  the  opposite  electricities  accumulate  on  the  surface  of  two 
adjacent  conductors,  till  their  mutual  attraction  is  strong  enough  to  over- 
come the  intervening  resistances,  whatever  they  may  be.  But  the  difference 
between  a  sudden  and  a  continuous  discharge  is  one  of  degree,  and  not  of 
kind,  for  there  is  no  such  thing  as  an  absolute  non-conductor,  and  the  very 
best  conductors,  the  metals,  offer  an  appreciable  resistance  to  the  passage  of 
electricity.  Still  the  difference  at  the  two  extremes  of  the  scale  is  sufficiently 
great  to  give  rise  to  a  wide  range  of  phenomena. 

Kiess  has  shown  that  the  discharge  of  a  battery  does  not  consist  in  a 
simple  union  of  the  positive  with  the  negative  electricity,  but  that  it  consists 
of  a  series  of  successive  partial  discharges.  The  direction  of  the  discharge 
depends  mainly  on  the  length  and  nature  of  the  circuit.  By  observations  of 
the  image  of  the  spark  in  a  rotating  mirror,  and  of  the  luminous  phenomena 
at  the  positive  and  negative  poles  when  the  discharge  takes  place  in  highly 
tarefied  gases,  as  well  as  by  the  manner  in  which  a  magnet  affects  the  pheno- 
mena of  discharge,  Feddersen  and  Paalzow  have  shown  that  the  discharge 
consists  of  a  series  of  oscillating  currents  alternating  in  opposite  directions. 
Helmholtz  had  already  deduced  the  necessity  of  such  an  oscillating  motion 
60m  the  laws  of  the  conservation  of  energy,  and  Thomson  and  Kirchhoff 
liad  deduced  the  conditions  under  which  it  occurs.  As  the  resistance  of  the 
circuit  increases,  the  number  of  these  alternating  discharges  decreases,  but 
at  the  same  time  their  duration  is  greater.  With  very  great  resistance — as, 
Im-  instance,  when  a  wet  thread  is  interposed — the  alternating  discharge 
Incomes  a  single  one. 

The  phenomena  of  the  discharge  are  conveniently  divided  into  xYi^physio- 
J$gicaJy  iuminous^  mechanical^  magneticaly   and  chemical  effects. 

784.  H^ork  effected  by  tlie  disolierffe  of  a  leyden  Jar. — The  work 

lequired   to  charge  a   Leyden  jar   is  W  =  iQV- ^»  and  from  the 

principle  of  the  conservation  of  energy,  this  stored-up  energy  reappears  when 
the  jar  is  discharged.  This  occurs  partly  in  the  form  of  a  spark,  partly  in  the 
lieating  effect  of  the  whole  system  of  conductors  through  which  the  discharge 
lakes  place.  When  the  armatures  are  connected  by  a  thick  short  wire,  the 
^park  is  strong  and  the  heating  effect  small :  if,  on  the  contrary,  the  jar  is 
^Kscharged  through  a  long  fine  wire,  this  becomes  more  heated,  but  the  spark 
is  weaker. 

If  a  scries  of  identical  jars  are  each  separately  charged  from  the  same 
Source,  they  will  each  acquire  the  same  potential,  which  will  not  be  altered  if 
^n  the  jars  are  connected  by  their  inner  and  outer  coatings  resi>ectively. 
"iTie  total  charge  will  be  the  same  as  if  the  battery  had  been  charged  directly 
Crom  the  source,  and  its  energy  will  be  W  -  J  Vnq  -  i  VO  ;  thai  is,  the  energy 
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of  a  battery  of  n  equal  jars  is  the  same  as  that  of  a  single  jar  of  the  same 
thickness  but  of  n  times  the  surface. 

Let  us  consider  two  similar  Leyden  jars  having  respectively  the  capaci- 
ties c  and  r',  and  let  one  of  them  be  charged  to  potential  V  and  let  the  other 
remain  uncharged.  Suppose  now  that  the  inner  and  outer  coatings  of  the 
jars  are  respectively  connected  with  each  other.    Then  the  energy  of  the 

charged  jar  alone  is  W  «  J  ^  ,  and  when  it  is  connected  with  the  other,  the 

original  charge  will  spread  itself  over  the  two,  so  that  the  energy  of  the 

charge  in  the  two  jars  is  W  =  -  ^--  -.     Hence  W  :  W  -  r  +  ^ :  ^ :  and  tbttt- 

'  i{c^C) 

fore,  since  r  +  ^'  is  always  greater  than  r,  there  must  be  a  loss  of  energy.  In 
point  of  fact,  when  a  charged  jar  is  connected  with  an  uncharged  one,  a  spark 
passes  which  is  the  equivalent  of  this  loss  of  energy. 

It  follows,  further,  that  when  two  jars  at  different  potentials  arc  united 
there  is  always  a  loss  of  energy. 

If  a  series  of  n  similar  jars  are  joined  in  surface,  and  a  given  charge  of 
electricity  is  imparted  to  them,  the  energy  is  inversely  as  the  number  of  jars: 
but,  when  they  are  charged  from  a  source  of  constant  potential,  the  cner©* 
is  proportional  to  the  number  of  jars.  If,  however,  the  jars  are  arranged  in 
cascade,  then  for  a  given  charge  the  energy  is  n  times  that  of  a  single  jar 
while  for  a  given  potential  it  is  n  times  smaller.  It  is  sometimes  con\'enieoi 
to  arrange  the  jars  in  a  combination  of  the  two  systems. 

785.  Pliysloloffical  effects. — The  physiological  effects  are  those  pro- 
duced on  living  beings,  or  on  those  recently  deprived  of  life.  In  the  first 
case  they  consist  of  a  violent  excitement  which  the  electricity  exerts  00 
the  sensibility  and  contractility  of  the  organic  tissues  through  which  it  parses . 
and  in  the  latter,  of  violent  muscular  convulsions  which  resemble  a  returo 
to  life. 

The  shock  from  the  electrical  machine  has  been  already  noticed  .T'^N 
The  shock  taken  from  a  charged  Leyden  jar  by  grasping  the  outer  coatinj; 
with  one  hand  and  touching  the  inner  with  the  other,  is  much  morcvideflt. 
and  has  a  peculiar  character.  With  a  small  jar  the  shock  is  felt  in  the  elbow 
with  a  jar  of  about  a  quart  capacity  It  is  felt  across  the  chest,  and  niih  >ar> 
of  still  larger  dimensions  in  the  stomach. 

A  shock  may  be  given  to  a  large  number  of  persons  simultaneous!)  b; 
means  of  the  Leyden  jar.  For  this  purpose  they  must  form  a  chain  b>- join- 
ing hands.  If  then  the  first  touches  the  outside  coating  of  a  charged  |ir. 
while  the  last  at  the  same  time  touches  the  knob,  all  receive  a  simulunfoc* 
shock,  the  intensity  of  which  depends  on  the  charge,  and  on  the  number  c< 
persons  receiving  it.  Those  in  the  centre  of  the  chain  arc  found  to  rectiw 
a  less  violent  shock  than  those  near  the  extremities.  The  Abbe  Nollet  di>- 
charged  a  Leyden  jar  through  an  entire  regiment  of  1,500  men,  who  aC 
received  a  violent  shock  in  the  arms  and  shoulders. 

With  large  Leyden  jars  and  batteries  the  shock  is  sometimes  verjr  6»x.' 
gerous.  Priestley  killed  rats  with  batteries  of  7  square  feet  coated  sartoct 
and  cats  with  a  battery  of  about  4J  square  yards  coating. 

786.  Aumlnons  effeete. — The  recombination  of  two  electricities  oi  higl> 
potential  (738)  is  always  accompanied  by  a  disengagement  of  light,  as  b  seen 
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when  sparks  are  taken  from  a  machine,  or  when  a  Leyden  jar  is  discharged. 
The  belter  the  conductors  on  which  the  electricities  are  accumulated,  the 
more  brilliant  is  the  spark  :  its  colour  varies  not  only  with  the  nature  of  the 
bodies,  but  also  with  the  nature  of  the  surrounding  medium  and  with  the 
pressure.  The  spark  between  two  charcoal  points  is  yellow,  between  two 
balls  of  silvered  copper  it  is  green,  between  knobs  of  wood  or  ivory  it  is 
crimson.  In  atmospheric  air  at  the  ordinary  pressure  the  electric  spark  is 
white  and  brilliant ;  in  rarefied  air  it  is  reddish ;  and  in  vacuo  it  is  violet 
In  oxygen,  as  in  air,  the  spark  is  white ;  in  hydrogen  it  is  reddish,  and  green 
in  the  vapour  of  mercury ;  in  carbonic  acid  it  is  also  green,  while  in  nitrogen 
it  is  blue  or  purple,  and  accompanied  by  a  peculiar  sound.  Generally 
speaking,  the  higher  the  potential  the  greater  is  the  lustre  of  the  spark. 
It  is  asserted  by  Fusinieri  that  in  the  electric  spark  there  is  always  a 
transfer  of  material  particles  in  a  state  of  extreme  tenuity,  in  which  case 
the  modifications  in  colour  must  be  due  to  the  transport  of  ponderable 
matter. 

MThen  the  spark  is  viewed  through  a  prism,  the  spectrum  obtained  is  full 
of  dark  lines  (578),  the  number  and  arrangement  of  which  depend  on  the 
material  of  which  the  poles  are  made. 

787.  Spark  and  bnuilk  disoliarve. — The  shapes  which  luminous  electric 
phenomena  assume  may  be  classed  under  two  heads — the  spark  and  the 
brush.  The  brush  forms  when  the  electricity  leaves  the  conductor  in  a 
continuous  flow  ;  the  spark,  when  the  discharge  is  discontinuous.  The 
formation  of  one  or  the  other  of  these  depends  on  the  nature  of  the  con- 
ductor and  on  the  nature  of  the  conductors  in  its  vicinity  ;  and  small  altera- 
tions in  the  position  of  the  surrounding  conductors  transform  the  one  into 
the  other. 

The  spark  which  at  short  distances  appears  straight,  at  longer  distances 
lias  a  zigzag  shape  with  diverging  branches.  Its  length  depends  on  the 
density  at  the  part  of  the  conductor  from  which  it  is  taken  ;  and  to  obtain 
the  longest  sparks  the  electricity  must  be  of  as  high  a  density  as  possible,  but 
not  so  high  as  to  discharge  spontaneously.  With  long  sparks  the  luminosity 
is  different  in  different  parts  of  the  spark. 

The  brush  derives  its  name  from  the  radiating  divergent  arrangement 
«f  the  light,  and  presents  the  appearance  of  a  luminous  cone,  whose  apex 
loaches  the  conductor.  Its  size  and  colour  differ  with  the  nature  and  form  of 
the  conductor  ;  it  is  «iccompanicd  by  a  peculiar  hissing  noise,  very  different 
firom  the  sharp  crack  of  the  spark.  Its  luminosity  is  far  less  than  that  of 
IJie  spark  ;  for  while  the  latter  can  easily  be  seen  by  daylight,  the  former  is 
<xil>'  visible  in  a  darkened  room.  The  brush  discharge  may  be  obtained  by 
placing  on  the  conductor  a  wire  filed  round  at  the  end,  or,  with  a  powerful 
Hiachine,  by  placing  a  small  bullet  on  the  conductor.  The  brush  from  a 
Negative  conductor  is  less  than  from  a  positive  conductor  ;  the  cause  of 
^his  difference  has  not  been  satisfactorily  made  out,  but  may  originate  in  the 
Cact,  which  Faraday  has  observed,  that  negative  electricity  discharges  into 
the  air  at  a  somewhat  lower  density  than  positive  electricity  ;  so  that  aneg«i- 
"^ircly  charged  knob  sooner  attains  that  density  at  which  spontaneous  dis- 
charge takes  place,  than  docs  a  positively  charged  one,  and  therefore  dis- 
diarges  the  electricity  at  smaller  intervals  and  in  less  quantities. 
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When  electricity,  in  virtue  of  its  high  density,  issues  from  a  conductor,  do 
other  conductor  being  near,  the  discharge  takes  place  without  noise,  and  at 
the  places  at  which  it  appears  there  is  a  pale  blue  luminosity  called  the 
electrical  glow,  or  on  points,  a  star-like  centre  of  light.  It  is  seen  in  the  dark 
by  placing  a  point  on  the  conductor  of  the  machine. 

78S.  Bleetrle  enr. — The  influence  of  the  pressure  of  the  air  on  the  elec- 
tric light  may  be  studied  by  means  of  the  electric  egg.  This  consists  of  as 
ellipsoidal  glass  vessel  (fig.  684),  with  metal  caps  at 
each  end.  The  lower  cap  is  provided  with  a  stopcock, 
so  that  it  can  be  screwed  into  an  air-pump,  and  also 
into  a  heavy  metallic  foot.  The  upper  metal  rod 
moves  up  and  down  in  a  leather  stuffing-box;  the 
lower  one  is  fixed  to  the  cap.  A  vacuum  having  beea 
made,  the  stopcock  is  turned,  and  the  vessel  screvtd 
into  its  foot ;  the  upper  part  is  then  connected  with  i 
powerful  electrical  machine,  and  the  lower  one  with 
the  ground.  On  working  the  machine,  the  globe 
becomes  filled  with  a  feeble  violet  light  continuous  from 
one  end  to  the  other,  and  resulting  from  the  recompo- 
sition  of  the  positive  electricity  of  the  upper  cap  with  die 
negative  of  the  lower.  If  the  air  be  gradually  aUowed 
to  enter  by  opening  the  stopcock,  the  light  now  appears 
white  and  brilliant,  and  is  only 'seen  as  an  ordinar)'i8' 
termittent  spark. 

Some  beautiful  effects  of  the  electric  light  arc  ob- 
tained by  means  of  Geissler's  tubes,  which  will  be 
noticed  under  Dynamical  Electricity. 

789.  ZfOininona  tube,  square*  and  bottle*— The 
luminous  tube  (fig.  685)  is  a  glass  tube  about  a  >-ard 
long,  round  which  are  arranged  in  a  spiral  form  a  series 
of  lozenge- shaped  pieces  of  tinfoil,  between  which  are 
There  is  a  brass  cap  with  hooks  at  each  end,  in  which 
If  one  end  be  presented  to  a  machine  in  action,  while 


Fig.  684. 


very  short  intervals. 

the  spiral  terminates. 

the  other  is  held  in  the  hand,  sparks  appear  simultaneously  at  each  intend 

and  produce  a  brilliant  luminous  appearance,  especially  in  the  dark. 


Fig.  685. 


The  luminous  pane  (fig.  686)  is  constructed  on  the  same  principJc.  ^ 
consists  of  a  square  of  ordinary  glass,  on  which  is  fastened  a  narrow  stnpo* 
tinfoil  folded  parallel  to  itself  for  a  great  number  of  times.     Spaces  arcoi 
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of  this  strip  so  as   to   represent   any  figure,   a  portico  for  example. 
iTbe  pane  being  fixed  between  two  insulating  supports,  the  upper  extre- 
rmtty  of  the  strip  is  connected  with 
the    electrical    machine,    and    the 
lower  part  with  the  ground.    When 
the  machine  is  in  operation,  a  spark 
Lappears  at  each  interval,  and  repro- 
in  luminous  flashes  the  ob- 
Ijcct  represented  on  the  glass* 

79a  Seatiac  •ffeots. — Besides 
[Imitg  hiininous,  the  electric  spark 
[is  a  source  of  intense  heat.  When  it 
passes  through  inflammable  liquids, 
«i  ctbcr  or  alcohol,  it  inflames  them. 
Aa  aixansement  for  effecting  this  is 
i^lirejciitcd  m  lig  68 7.  It  is  a  small 
g)ft»  cup  through  the  bottom  of 
wlikli  passes  a  metal  rod^  termi* 
■■tisi^  in  a  knob  and  flxcd  to  a 
neul  foot  A  quantity  of  liquid 
•nfficient  to  cover  the  knob  is 
in  llie  vessel.  1  he  outer 
of   the  Jar    having  been 


Fig.  i^*-^ 


with  the  foot  by  means  of  a  chain,  the  spark  which  passes  when 
iwo  knobs  arc  brought  near  each  other  inflames  the  liquid.  With 
the  experiment  succeeds  very  well,  but  alcohol  requires  to  be  first 
kL 
Com!  jfas  may  also  be  ignited  by  means  of  the  electric  spark.  A  person 
cm  an  insulated  stf>ol  places  one  hand  on  the  conductor  of  a 
which  is  then  worked,  while 
ht  praacots  the  other  to  the  jet  of  gas 
from  a  metallic  burner.  The 
which  paa»cs  ignites  the  gas. 
^hfOk  a  battery  is  discharged  through 
or  steel  wire  it  becomes 
iQli  even  made  incandescent 
m  Bidled  if  the  discharge  is  very 
povef^ 

\%^  in  discharging  a  jar,  the  dis* 
dytfge  does  no  other  work%  then  the 
vbote  cvf  the  energy  of  the  charge 
(784,1  appears  in  the  form  of  heat ;  and 
if  «re  dtviide  this  by  Joule's  equivalent  ^ 
(4197^  wc  have  the  totaJ  heating  due 
10  my  charge. 

lb*  laurs  of  ihis  beating  effect  were  investigated  independently  by 
H^fTit  and  by  Ricss  by  means  of  the  tleciric  thtrmomtttr.  This  consists  of 
^  Ultii  biaUiv  fi^*  688,  closed  by  a  stopper  «,  and  to  which  \%  Axed  a  capUIaiy 
•ubt  beat  twice,  and  terminating  m  sin  enlargunent }  this  contains  coloured 
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liquid.  The  whole  apparatus  is  fixed  on  a  hinged  support  A,  which  works 
on  the  base  B,  so  that  it  can  be  inclined  and  fixed  at  any  given  angle.  The 
diameter  of  the  tube  being  very  small  compared  with  that  of  the  enlarge- 
ment, a  consider- 
able displacement 
of  the  liquid  may 
take  place  along 
the  scale  uithoot 
any  material  alter- 
ation in  pressure, 
and  before  making 
the  experiment  the 
stopper  c  is  opened 
so  as  to  equalise 
the  pressure.  Be- 
tween the  binding 
screws  a  and  h 
a  fine  platinom 
wire  is  stretched. 
When  a  Leyden 
*'*-^^-  jar    is    discharged 

through  the  wire  this  becomes  heated,  expands  the  air  in  the  bulb,  and  the 
expansion  is  indicated  by  the  motion  of  the  liquid  along  the  graduated  stem 
of  the  thermometer.  In  this  way  it  has  been  found  that  the  increase  in 
temperature  in  the  wire  is  proportional  to  the  square  of  the  quantit)*  of 
electricity  divided  by  the  surface — a  result  which  follows  from  the  fonnuU 
already  given  (784).  Riess  has  also  found  that  with  the  same  charge,  ht 
with  wires  0/ different  dimensions^  tlie  rise  of  temperature  is  im*ersely  as  the 
fourth  power  of  the  diameter.  Thus,  compared  with  a  given  wire  as  unit)', 
the  rise  of  temperature  in  a  wire  of  double  or  treble  the  diameter  wouW  be 
h  ^^  h  ^  small ;  but  as  the  masses  of  these  wires  are  four  and  nine  times 
as  great,  the  heat  produced  would  be  respectively  \  and  \  as  great  as  in  a 
wire  of  unit  thickness. 

If  a  jar  charged  to  a  given  potential  be  discharged  through  the  electrical 
thermometer,  the  discharge  will  take  place  at  a  certain  striking  distance, 
and  a  certain  depression  will  be  produced  which  is  a  measure  of  the  heaimir 
effect  in  the  thermometer.  If  now  a  card  be  interposed  in  the  path  oi 
the  discharge,  a  certain  proportion  of  its  energy  will  be  expended  io 
the  mechanical  perforation  of  the  card,  and  the  proportion  in  the  thermo- 
meter will  be  less.  Thus  Riess  found  that  that  charge  which  when  passed 
through  air  produced  a  depression  of  15*9,  when  passed  in  addiiic* 
through  one  card,  two  cards,  and  a  plate  of  mica,  produced  depressioc* 
of  117,  80  and  68  respectively;  showing  then  that  the  heating  effect  *»* 
less  according  as  more  of  the  energy  of  the  discharge  was  used  for  other 
purposes. 

When  an  electric  discharge  is  sent  through  gunpowder  placed  <*n  the 
table  of  a  Henley's  discharger,  it  is  not  ignited,  but  is  projected  in  all  direc- 
tions. But  if  a  wet  string  be  interposed  in  the  circuit,  a  spark  passes  which 
ignites  the   powder.     This  arises  from   the  retardation   which  electriaty 
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experiences  in  traversing  a  semi-conductor,  such  as  a  wet  string;  for  the 
heating  effect  is  proportional  to  the  duration  of  the  discharge. 

When  a  charge  is  passed  through  sugar,  heavy  spar,  fluor-spar,  and  other 
substances,  they  afterwards  become  phosphorescent  in  the  dark.  Eggs, 
fruit,  &c.,  may  be  made  luminous  in  the  dark  in  this  way. 

When  a  battery  is  discharged  through  a  gold  leaf  pressed  between  two 
glass  plates  or  between  two  silk  ribbons,  the  gold  is  volatilised  in  a  violet 
powder  which  is  finely  divided  gold.  In  this  way  what  are  called  electric 
portraits  are  obtained. 

Siemens  has  shown  that  when  a  jar  is  charged  and  discharged  several 
times  in  succession  the  glass  becomes  heated.  Hence  during  the  discharge 
there  must  be  movements  of  the  molecules  of  the  glass,  as  Faraday  sup- 
po*^  (747) ;  we  have  here,  probably,  something  analogous  to  the  heating 
produced  in  iron  when  it  is  rapidly  magnetised  and  demagnetised. 

791.  IKaffiietie  effects. — By  the  discharge  of  a  large  Leyden  jar  or 
battery,  a  steel  wire  may  be  magnetised  if  it  is  laid  at  right  angles  to  a  con- 
ducting wire  through  which  the  discharge  is 
effected,  either  in  contact  with  the  wire  or  at 
some  distance.  And  even  a  steel  bar  or  needle 
may  be  magnetised  by  placing  it  inside  a  spiral 
of  insulated  copper  wire  A  (fig.  689),  and  passing 
one  or  more  discharges  through  it.  The  polarity 
depends  on  the  direction  in  which  the  electricity 
enters  the  coil,  and  the  way  in  which  the  wire 
is  coiled.  Thus  if  the  jar  is  charged  in  the  in- 
side with  positive  electricity,  and  the  direction 
in  which  the  wire  is  coiled  is  that  in  which  the 
hands  of  a  watch  move,  that  end  at  which  the  positive  electricity  enters  will 
be  a  south  pole. 

To  effect  a  deflection  of  the  magnetic  needle  by  the  electric  current  pro- 
duced by  frictional  electricity  is  more  difficult.  It  may  be  accomplished 
b>'  making  use  of  a  galvanometer  consisting  of  400  or  500  turns  of  fine  silk- 
covered  wire,  which  is  further  insulated  by  being  coated  with  shellac  varnish, 
and  by  separating  the  layers  by  means  of  oiled  silk.  When  the  prime  con- 
ductor of  a  machine  in  action  is  connected  with  one  end  of  the  galvanometer 
wire,  and  the  other  with  the  ground,  a  deflection  of  the  needle  is  produced. 

792.  Keoliaaical  effects. — The  mechanical  effects  are  the  violent  lacera- 
tions, fractures,  and  sudden  expansions  which  ensue  when  a  powerful  dis- 
charge is  passed  through  a  badly  conducting  substance.  Glass  is  perforated, 
wood  and  stones  are  fractured,  and  gases  and  liquids  arc  violently  disturbed. 
The  mechanical  effects  of  the  electric  spark  may  be  demonstrated  by  a 
variety  of  experiments. 

Fig.  690  represents  an  arrangement  for  perforating  a  piece  of  glass  or 
card.  It  consists  of  two  glass  columns,  with  a  horizontal  cross-piece,  in 
which  is  a  pointed  conductor,  H.  The  piece  of  glass,  A,  is  placed  on  an 
insulating  glass  support,  iij  which  is  placed  a  second  conductor,  terminating 
^abo  in  a  point,  which  is  connected  with  the  outside  of  the  battery,  while 
the  knob  of  the  inner  coaling  is  brought  near  the  knob  of  H.  When  the 
<lischarge  passes  between  the  two  conductors  the  glass  is  perforated      The 
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experiment  only  succeeds  with  a  single  jar  when  the  glass  is  very  thin ; 
otherwise  a  battery  must  be  used. 

When  the  discharge  takes  place  through  a  piece  of  cardboard  be- 
tween two  points  exactly 
opposite  each  other  the 
line  of  perforation  is  quite 
straight ;  but  if  not  exactly 
opposite  a  slight  hole  is 
seen  near  the  n^ative 
point  This  phenomenon, 
which  is  known  zsljtUids 
experimemty  is  probably 
connected  with  the  greater 
facility  with  which  dec- 
tricity  discharges  into  air 
according  as  it  is  negatite 
or  positive  ij%l\ 

The  perturbation  and 

sudden  expansion  whicfa 

the    discharge    prodoces 

may    be    illustrated    by 

means  of  what  is  known 

as    KinnersUys  tktrmih 

^'^'^'  tneier.      This  consists  of 

two  glass  tubes  (fig.  691),  which  fit  into  metallic  caps   and  communicate  with 

each  other.    At  the  top  of  the  large  tube  is  a  rod  terminating  in  a  knob,  and 

moving  in  a  stuffing-box,  and  ai 
the  bottom  there  is  a  similar  lod 
wi  th  a  knob.  The  apparatus  con- 
tains water  up  to  the  le^-elof  the 
lower  knob.  When  the  electric 
discharge  passes  between  the 
two  knobs,  the  water  is  driven 
out  of  the  larger  tube  and  rises 
to  a  slight  extent  in  the  snail 
one.  The  level  is  imrocdiatdr 
re-established,  and  therefore  tie 
phenomenon  is  not  due  to  a  rift 
of  temperature. 

If  the  upper  knob  inside  a 
Kinnersley's  thermometer  be 
replaced  by  a  point,  and  tk 
outside  knob  is  connected  wiA 
the  prime  conduaor  of  a  ma- 
chine at  work,  the  electricity 
dischjirges  itself  in  the  fonn  ^ 
a  brush,  and  a  permanent  di^ 
placement  of  the  liquid  m  tbe 


Fig.  6.)!. 

Stem  shows  that  this  is  due  to  the  heating  effect  of  the  brush  discharge. 


-79S]         Chemical  Effects  of  tlte  Electrical  Discharge. 


731 


Fig.  692. 


For  the  production  of  mechanical  effects  the  universal  discharger 
{!tL%,  676)  is  of  great  service.  A  piece  of  wood,  for  instance,  placed  on  the 
table  between  the  two  conductors,  is  split  when  the  discharge  passes. 

When  a  Leyden  jar  is  charged  it  undergoes  a  true 
expansion  which  is  not  that  due  to  heat.  This  was 
shown  by  Quincke,  one  of  whose  experiments  is  repre- 
sented in  fig.  692.  It  consists  of  a  glass  bulb  A  about 
2  inches  in  diameter  at  the  end  of  a  narrow  capillary 
tnbe  K,  on  an  enlargement  in  which  a  platinum  wire  B 
is  fiised.  The  bulb  and  a  portion  of  the  stem  contains 
a  conducting  liquid,  such  as  water  or  sulphuric  acid, 
and  it  is  placed  in  a  vessel  of  ice-cold  water,  K,  which 
can  be  connected  with  the  earth  by  a  conducting  wire, 
C  If  now  this  condenser  is  charged  by  connecting 
the  wire  B  with  an  electrical  machine,  while  G  is  in 
connection  with  the  earth,  there  is  a  distinct  depres- 
sion of  the  liquid  in  the  tube.  When  the  jar  is  dis- 
charged the  liquid  resumes  its  original  level.  Hence 
this  cannot  have  been  due  to  heat,  apart  from  the 
6u:t  that  the  temperature  was  kept  constant ;  nor  is 
it  due  to  a  contraction  of  the  thickness  of  the  glass. 
The  same  results  are  obtained  if  the  outer  coating  is  insulated  by  resting 
it  on  shellac  T,  which  in  turn  is  insulated  by  resting  on  a  slab  of  india- 
rabber,  the  inner  goating  being  put  to  earth.  Similar  effects  are  obser\'ed 
with  solid  condensers  of  other  materials,  and  also  with  liquids. 

793.  Obemleal  effeoto. — The  chemical  effects  are  the  decompositions 
and  recombinations  effected  by  the  passage  of  the  electric  discharge.  When 
two  gases  which  act  on  each  other  are  mixed  in  the  proportions  in  which 
they  combine,  a  single  spark  is  often  sufficient  to  determine  their  combina- 
tion ;  but  when  either  of  them  is  in  great  excess,  a  succession  of  sparks  is 
necessary.  Priestley  found  that  when  a  scries  of  electric  sparks  was  passed 
through  moist  air,  its  volume  diminished,  and  blue  litmus  introduced  into 
the  vessel  was  reddened.  This,  Cavendish  discovered,  was  due  to  the  for- 
mation of  nitric  acid. 

Several  compound  gases  arc  decomposed  by  the  continued  action  of  the 
electric  spark.  With  olefiant  gas,  sulphuretted  hydrogen,  and  ammonia,  the 
decomposition  is  complete ;  while  carbonic  acid  is  partially  decomposed 
into  oxygen  and  carbonic  oxide.  The  electric  discharge  also  by  suitable 
means  can  feebly  decompose  water,  oxides,  and  salts  ;  but,  though  the  same 
in  kind,  the  chemical  effects  of  statical  electricity  are  by  no  means  so  powerful 
and  varied  as  those  of  dynamical  electricity.  The  chemical  action  of  the 
spark  is  easily  demonstrated  by  means  of  a  solution  of  iodide  of  potassium. 
A  small  lozenge-shaped  piece  of  filtering  paper,  impregnated  with  iodide  of 
potassium,  is  placed  on  a  glass  plate,  and  one  corner  connected  with  the 
ground.  When  a  few  sparks  from  a  conductor  charged  with  positive  elec- 
tricity are  taken  at  the  other  corner,  brown  spots  are  produced,  due  to  the 
separation  of  iodme. 

The  electric  piston  is  a  small  apparatus  which  serves  to  demonstrate  the 
chemical  effects  of  The  spark.     It  consists  of  a  brass  vessel  (fig.  693),   in 
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which  is  introduced  a  detonating  mixture  of  two  volumes  of  hydrogen  and 
one  of  oxygen,  and  which  is  then  closed  with  a  cork.  In  a  tubalure  in  the 
side  there  is  a  glass  tube,  in  which  fits  a  metal  rod,  terminated  by  the 


Fig.  693. 


Fig.  694. 


knobs  A  and  B.  The  vessel  is  held  as  represented  in  fig.  694,  and  brongbt 
near  the  machine.  The  knob  A  becomes  negatively,  and  B  positively,  elec- 
trified by  induction  from  the  machine  and  a  spark  passes  between  the  con- 
ductor and  A.  Another  spark  passes  at 
the  same  time  between  the  knob  B  and 
the  side  ;  this  determmes  the  combina- 
tion of  the  gases,  which  is  accompanied 
by  a  great  disengagement  of  heat,  and  the 
vapour  of  water  form^  acquires  such  an 
expansive  force,  that  the  cork  is  pro- 
jected with  a  report  like  that  of  a  pistol 
Among  the  chemical  effects  must  be 
enumerated  the  formation  of  ozone^  which 
is  recognised  by  its  peculiar  odour,  and 
by  certain  chemical  properties.  The 
odour  is  perceived  when  electricity  issues 
from  a  conductor  into  the  air  through 
a  series  of  points.  It  has  been  estab- 
lished that  ozone  is  an  allotropic  modi- 
fication of  oxygen. 

With  these  effects  may  be  associattd 
a  certain  class  of  phenomena  obserred 
when  gases  are  made  to  act  as  the  dielec- 
tric in  a  charged  Leyden  jar.  An  appa- 
ratus by  which  this  is  effected  is  repit- 
sented  in  fig.  695  ;  it  is  a  modificatioocrf 
one  invented  by  Siemens.  It  consists 
of  a  glass  cylinder  E,  containing  dihae 
sulphuric  acid  ;  <z  is  a  glass  tube  closed  at  the  bottom,  and  also  containiof 
sulphuric  acid,  in  an  enlargement  of  which  at  the  top  the  inner  tube  a  ws 
There  is  a  tube  /,  by  which  gas  enters,  and  one  d  t'  by  which  it  emerges 
When  the  acids  in  E  and  rare  respectively  connected  u-ith  the  two  combs  ot 
a  Holtz  machine,  or  with  the  two  terminals  of  a  RuhmkorA's  coil,  a  certain 
condition  or  strain  (747)  is  produced  in  the  dielectric,  which  is  known  as  the 


Fig.  695. 
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|pr7^j«/  diuhargt  or  the  electric  effluxnum.  What  that  condition  is  cannot  be 
ietinftety  st;ite<l ;  but  it  gives  rise  to  powerful  and  characleristic  chemical 
■ctions,  often  differing  from  those  produced  by  the  spark. 

By  this  apparatus  large  quantities  uf  ozone  may  be  produced. 

t      794.  A^pRllcAtloa  of  tbe  electrical  dlscliarfe  to  firing  mines. — By  the 

labours  of  Sir  F.  Abel  in  this  country,  and  of  Baron  von  Ehner  in  Austria,  the 

sleet rical  discharge  has  been  applied  to  firing  mines  for  military  purposes* 

the  methods  have  acquired  a  high  degree  of  perfection.     The  principle 

[  whidi  the  method  is  based  may  be  understood  from  the  following  state- 

at  :  — 

One  end  of  an  insulated  wire  in  which  is  a  small  break  is  placed  in  con* 
with  the  outside  of  a  charged  Leyden  jar,  the  other  end  being  placed 
I^  the  inner  coating.     If  now  this  end  be  brought  in  contact  with  the  inner 
ig  the  jar  is  discharged,  and  a  spark  strikes  across  the  break  ;  and 
ere  be  here  some  explosive  compound  it  is  ignited,  and  this  ignition 
ay  of  course  be  communicated  to  any  gunpowder  in  which  it  is  placed. 
on  one  side  of  the  break,  instead  of  having  an  insulated  wire  direct 
ftck  to  the  outer  coating  of  the   Leyden  jar,  an  uncovered  wire  be  led 
\  the  ground^  the  out- 
^cf  tlic  jar  being  also 
cted        with        the 
ad,  ihc  result  is  un- 
I  the  earth  acting 
^-return  wire*     More- 
if  there  be  several 
the  explusion  will 
■cat  each  of  them, 
the  charge   be 
ieJiUy  powerful. 
In  the  actual  applica< 
it  is  of  course  neces* 
to  have  an  arrange- 
for      generating 
I  electricity  which 
I  be  »impte,  portable, 
ful,  and  capable  of 
Xi%  in  4ny  weather. 
►  represents  a  view 
I  Cbfier^  insf  r  iMT\r  n  r 
UCMd  by  > 
part  of  tin 
fctnoved   to  sliuw 
itfttcfnal  construction, 

ii*t*oftwocircU'  ^wj- ^^- 

(  of  ebonite,  a,  mounted  on  an  axis  so  that  they  are  turned  by  a 

Ic,  ^t  between  rubbers,  which  are  so  arranged  as  to  be  easily  removed 

purposes  of  amalgamation,  <lr.     Fastened  to  a  knob  on  the  base  of 

and  projecting  between  the  plates  is  a  (lointed  bra^s  rod, 

a  collector  of  the  electric ity*     The  condenser  or  Leyden  jar 
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arrangement  is  inside  the  case,  part  of  which  has  been  removed  to  shovtbe 
arrangement  It  consists  of  india-rubber  cloth,  coated  on  each  side  with 
tinfoil,  and  formed  into  a  roll  for  the  purpose  of  greater  compactnesi 
By  means  of  a  metal  button  the  knob  is  in  contact  with  one  tinfoil  coating, 
which  thus  receives  the  electricity  of  the  machine,  and  correspoiids  to  the 
inner  coating  of  the  Leyden  jar.  Another  button,  connected  with  the 
other  tinfoil  coating,  rests  on  a  brass  band  at  the  base  of  the  s^paratos 
which  is  in  metallic  contact  with  the  cushions,  the  knob  dy  and  the  per- 
forated knob  in  which  slides  a  rod  at  the  front  of  the 
apparatus.  These  are  all  in  connection  with  the  earth. 
The  knob  e  is  in  metallic  connection  with  a  disc/;  pro- 
vided with  a  light  arm.  By  means  of  a  flexible  chain 
this  is  so  connected  with  a  trigger  on  the  side  of  the 
apparatus  not  represented  in  the  figure,  that  when  the 
trigger  is  depressed,  the  arm,  and  therewith  the  knob  i, 
is  brought  into  contact  with  the  inner  coating  of  the 
condenser. 

On  depressing  the  trigger,  after  a  certain  number  of 
turns,  a  spark  passes  between  the  knob  e  and  the  sliding 
rod,  and  the  striking  distance  is  a  measure  of  the 
working  condition  of  the  instrument. 

The  fuse  used  is  known  as  Abefs  electrical  fuse^  and 
has  the  following  construction  : — The  ends  of  two  fine 
copper  wires  (fig.  697)  are  imbedded  in  a  thin  solid 
gutta-percha  rod,  parallel  to  each  other,  but  at  a  dis- 
tance of  about  I  "5  mm.  At  one  end  of  the  gutta-percha 
a  small  cap  of  paper  c  &*,  is  fastened,  in  which  is  placed 
a  small  quantity  of  the  priming  composition,  which  con- 
sists of  an  intimate  mixture  of  subsulphide  of  copper, 
subphosphide  of  copper,  and  chlorate  of  potassium. 
The  paper  is  fastened  down  so  that  the  exposed  ends  of 
the  wires  are  in  close  contact  with  the  powder. 
This  is  the  actual  fuse  ;  for  service  the  capped  end  of  the  fuse  is  placed 
in  a  perforation  in  the  rounded  head  of  a  wooden  cylinder,  so  as  to  project 
slightly  into  the  cavity  g  of  the  cylinder.  This  cavity  is  filled  with  mcil 
powder,  which  is  well  rammed  down,  so  that  the  fuse  is 
firmly  imbedded.  It  is  afterwards  closed  by  a  plugo^ 
gutta-percha,  and  the  whole  is  finally  coated  with  black 
varnish. 

The  free  ends  of  the  wire  a  a  are  pressed  into  snuH 
grooves  in  the  head  of  the  cylinder  (fig.  698\  and  each 
end  is  bent  into  one  of  the  small  channels  with  which  th< 
cylinder  is  provided,  and  which  are  at  right  angles  to 
the  central  penbration.  They  are  wedged  in  here  b> 
driving  in  small  copper  tubes,  the  ends  of  which  ^ 
then  filed  flush  with  the  surface  of  the  c>*lindcr.  Tbe 
bared  ends  of  two  insulated  conducting  wires  art  thm 
pressed  into  one  of  the  small  copper  tubes  or  e>-es,  and 
fixed  there  by  bending  the  wire  round  on  to  the  wood,  as  shown  at  i. 


Fig.  697. 


FiK.  ^v8. 
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The  conducting  wire  used  in  firing  may  be  thin,  but  it  must  be  well 
insulated.  One  end  which  is  bared,  having  been  pressed  into  the  hole  d 
of  the  fuse  (fig.  697),  the  other  is  placed  near  the  exploder.  In  the  other 
hole  it  of  the  fuse  a  wire  is  placed  which  serves  as  earth  wire,  care  being 
taken  that  there  is  no  connection  between  the  two  wires.  The  fuse  having 
been  introduced  into  the  charge,  the  earth  wire  is  placed  in  good  connection 
with  the  ground.  The  knob  /  of  the  exploder  is  also  connected  with  the 
earth  by  leading  the  bare  wire  into  water  or  moist  earth,  and  the  condi- 
tion of  the  machine  tested.  The  end  of  the  insulated  wire  is  then  connected 
with  the  knob  e  and  the  rod  drawn  down  ;  at  the  proper  signal  the  handle 
is  turned  the  requisite  number  of  times,  and  when  the  signal  is  given  the 
trigger  is  depressed,  and  the  explosion  ensues. 

When  a  number  of  charges  are  to  be  fired  they  are  best  placed  in  a  single 
circuit,  care  being  taken  that  the  insulation  is  good. 

795.  IHurmtioB  of  tlie  eleotrle  spark. — Wheatstone  measured  the  dura- 
tion of  the  electric  spark  by  means  of  the  rotating  mirror  which  he  invented 
for  this  purpose.  At  some  distance  from  this  instrument,  which  can  be  made 
to  rotate  with  a  measured  velocity,  a  Leyden  jar  is  so  arranged  that  the  spark 
of  its  discharge  is  reflected  from  the  mirror.  Now,  from  the  laws  of  reflec- 
tion (520)  the  image  of  the  luminous  point  describes  an  arc  of  double  the 
number  of  degrees  which  the  mirror  describes,  in  the  time  in  which  the 
mirror  passes  from  the  position  in  which  the  image  is  visible  to  that  in  which 
it  ceases  to  be  so.  If  the  duration  of  the  image  were  absolutely  instanta- 
neous the  arc  would  be  reduced  to  a  mere  point.  Knowing  the  number  of 
turns  which  the  mirror  makes  in  a  second,  and  measuring,  by  means  of  a 
divided  circle,  the  number  of  degrees  occupied  by  the  image,  the  duration  of 
the  spark  would  be  determined.  In  one  experiment  Wheatstone  found  that 
this  arc  was  24®.  Now,  in  the  time  in  which  the  mirror  traverses  360°  the 
image  traverses  720®  ;  but  in  the  experiment  the  mirror  made  800  turns  in  a 
second,  and  therefore  the  image  traversed  576,000®  in  this  time  ;  and  as  the 
arc  was  24%  the  image  must  have  lasted  the  time  expressed  by  . ^"^,0  or  j^^^ 
of  a  second.  Thus  the  discharge  is  not  instantaneous,  but  has  a  certain 
duration,  which,  however,  is  excessively  short. 

Feddersen  found  that  when  greater  resistances  were  interposed  in  the 
circuit  through  which  the  discharge  was  effected,  the  duration  of  the  spark 
was  increased.  With  a  tube  of  water  9 mm.  in  length,  the  spark  lasted 000 14 
second;  and  with  one  of  180  mm.  its  duration  was  00183  second.  The 
duration  increased  also  with  the  striking  distance,  and  with  the  dimensions 
of  the  battery. 

To  determine  the  dtiration  of  the  electric  spark  Lucas  and  Cazin  used  a 
method  by  which  it  may  be  measured  in  millionths  of  a  second.  The  method 
is  an  application  of  the  vernier  (10).  A  disc  of  mica  15  centimetres  in  dia- 
meter is  blackened  on  one  face,  and  at  the  edge  are  traced  180  equal  divi- 
sions in  very  fine  transparent  lines.  The  disc  is  mounted  on  a  horizontal 
axis,  and  by  means  of  a  gas  engine  it  may  be  made  to  turn  with  a  velocity 
of  100  to  300  turns  in  a  second.  A  second  disc  of  silvered  glass  of  the  same 
radius  is  mounted  on  the  same  axis  as  the  other  and  very  close  to  it ;  at  its 
upper  edge  six  equidistant  transparent  lines  are  traced,  forming  a  vernier 
with  the  lines  on  the  mica.     For  this,  the  distance  between  two  consecutive 


lines  cm  the  two  discs  is  such  that  five  divisions  of  the  mica  disc  DC  comr* 
spond  to  six  divisions  of  the  glass  disc  AB,  as  seen  in  fig.  699.  Thustht 
vernier  gives  the  sixths  of  a  division  of  the  mica  disc  (to).    In  the  appantu* 

the  lines  AB  are  not  above  the  lines  CD, bifl 
are  at  the  same  distance  from  the  asis, » 
that  the  latter  coincide  successively  «ilJi 
'    /   /^T^^s^^^s^     the  former. 

The  mica  disc  is  contained  in  a  bmsi 
box  D  (fig.  700),  on  the  hinder  face  «f 
which  is  fixed  the  vernier.  In  the  froct 
face  is  a  glass  window  O,  through  which  the  coincidence  of  the  two  sets  of 
lines  can  be  observed  by  means  of  a  magnifying  lens  L. 

The  source  of  electricity  is  a  battery  of  2  to  8  jars,  each  having  a  cnatetl 
surface  of  1,243  square  centimetres^  and  charged  continuously  by  a  Holti* 
machine.     The  spark  strikes  ber>**een  two  metal  balls  a  and  ^,  1 1  millimetft* 


Fig,  ^r.>. 
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in  diameter.    Their  distance  can  be  varied,  and  at  the  samettmc 
by  means  of  a  micrometric  scrcw»  r.     The  two  opposite  ekctricid» 
by  wires  m  and  n^  and  the  sparks  strike  at  the  prin  i9  of  « 

lens  placed  in  the  collimator  C,  so  that  the  rays  w  l*ii  %ht 

parallel. 
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The  motion  is  transmitted  to  the  toothed  wheels  and  to  the  mica  disc  by 
Deans  of  an  endless  band,  which  can  be  placed  on  any  one  of  three  pulleys 
\  so  that  the  velocity  may  be  varied.  At  the  end  of  the  axis  of  the  pulleys 
I  a  bent  wire  which  moves  a  counter,  V,  that  marks  on  three  dials  the 
inmber  of  turns  of  the  disc 

These  details  being  premised,  suppose  the  velocity  of  the  disc  is  400 
ams  in  a  second.  In  each  second  400  +  180  or  72,000  lines  pass  before  the 
observer's  eye  in  each  second  ;  hence  an  interval  of  y^J^^  of  a  second  elapses 
letween  two  consecutive  lines.  But  as  the  spark  is  only  seen  when 
ne  of  the  lines  of  the  disc  coincides  with  one  of  the  six  lines  of  the  ver- 
iier ;  and  as  this  gives  sixths  of  a  division  of  the  movable  disc,  when  the 
atter  has  turned  through  a  sixth  of  a  division,  a  second  coincidence  is 
produced ;  so  that  the  interval  between  two  successive  coincidences  is 

-         ,   « 0*0000023  of  a  second. 
72000x6 

That  being  the  case,  let  the  duration  of  a  spark  be  something  between 
23  and  46  ten-millionths  of  a  second  ;  if  it  strikes  exactly  at  the  moment  of 
ft  coincidence,  it  will  last  until  the  next  coincidence  ;  and  owing  to  the  per- 
sistence of  impressions  on  the  retina  (625)  the  observer  will  see  two  luminous 
lines.  But  if  the  spark  strikes  between  two  coincidences  and  has  ceased 
•ben  the  third  is  produced,  only  one  brilliant  line  is  seen.  Thus  if,  with  the 
•bovc  velocity  sometimes  i  and  sometimes  2  bright  lines  are  seen,  the  dura- 
tion of  the  spark  is  comprised  between  23  and  46  ten-millionths  of  a  second. 

By  experiments  of  this  kind,  with  a  striking  distance  of  5  millimetres 
^ween  the  balls  a  and  b^  and  varying  the  number  of  the  jars,  MM.  Lucas 
*fid  Cazin  obtained  the  following  results  : — 

Duration  in  millionths 
Number  of  jars  of  a  second. 

2 26 

4 41 

6 45 

8 47 

It  will  thus  be  seen  that  the  duration  of  the  spark  increases  with  the 
bomber  of  jars.  It  also  increases  with  the  striking  distance  ;  but  it  is  inde- 
J^eadcnt  of  the  diameter  of  the  balls  between  which 
'fce  spark  strikes. 

The  spark  of  electrical  machines  has  so  short  a 
^^tioD  that  it  could  not  be  measured  with  the 
^ronoscope.  /^'^  \. 

796.  Velooity  of  alaotHolty.— To  determine  the      4. 5^      /9«  i     /!•$ 
^tlocity  of  electricity  Wheatstone   constructed   an    -i— ^-.  /I     M     M    ' 
Apparatus  the  principle  of  which  will  be  understood 
TOD  fig.  701.     Six  insulated  metal  knobs  were  ar- 
^aiiged  in  a  horizontal  line  on  a  piece  of  wood  called  -^<p^- 

\  spark  board  \  of  these  the  knob  i  was  connected  Fig.  701. 

n'th  the  outer,  while  6  could  be  connected  with  the 

nner  coating  of  a  charged  Leyden  jar  ;  the  knob  i  was  a  tenth  of  an  inch 
listant  from  the  knob  2  ;  while  between  2  and  3  a  quarter  of  a  mile  of 
Qsulated  wire  was  interposed  :  3  was  likewise  a  tenth  of  an  inch  from  4,  and 
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there  was  a  quarter  of  a  mile  of  wire  between  4  and  5  ;  lastly,  5  was  a  tenth 
of  an  inch  from  6,  from  which  a  wire  led  directly  to  the  outer  coating  of  the 
Leyden  jar.  Hence,  when  the  jar  was  discharged  by  connecting  the  w-ire 
from  6  with  the  inner  coating  of  the  jar,  sparks  would  pass  between  i  and  2, 
between  3  and  4,  and  between  5  and  6.  Thus  the  discharge,  supposing  it  to 
proceed  from  the  inner  coating,  has  to  pass  in  its  course  through  a  quarter  of 
a  mile  of  wire  between  the  first  and  second  spark,  and  through  the  same 
distance  between  the  second  and  third. 

The  spark  board  was  arranged  at  a  distance  of  10  feet  from  the  rotating 
mirror,  and  at  the  same  height,  both  being  horizontal ;  and  the  obsenff 
looked  down  on  the  mirror.  Thus  the  sparks  were  visible  when  the  mirror 
made  an  angle  of  45**  with  the  horizon. 

Now,  if  the  mirror  were  at  rest  or  had  only  a  small  velocity,  the  imag« 
of  the  three  spots  would  be  seen  as  three  dots  \ ,  but  when  the  mirror  had 
a  certain  velocity  these  dots  appeared  as  lines,  which  were  longer  as  the 
rotation  was  more  rapid.  The  greatest  length  observed  was  24®,  whidi 
with  800  revolutions  in  a  second,  can  be  shown  to  correspond  to  a  duratioo 
of  jjjoo  of  a  second.  With  a  slow  rotation  the  lines  present  the  appearance 
SZSZ: ;  they  are  quite  parallel,  and  the  ends  in  the  same  line.  But  widi 
greater  velocity,  and  when  the  rotation  took  place  from  left  to  right,  Aef 
presented  the  appearance  "",  and  when  it  turned  from  right  to  left 

the  appearance  .  because  the  image  of  the  centre  spark  was  fonned 

after  the  lateral  ones.  Wheatstone  found  that  this  displacement  amounted 
to  half  a  degree  before  or  behind  the  others.     This  arc  corresponds  to  a 

duration  of  or  ttrIooo  of  a  second :  the  space  traversed  in  this 

2  X  720  X  100         ii»ao<»o  '  r 

time  being  a  quarter  of  a  mile,  gives  for  the  velocity  of  electricity  288,000 
miles  in  a  second,  which  is  greater  than  that  of  light.  The  velocity  obtaiDed 
from  experiments  with  d>Tiamical  electricity  is  far  less  ;  and,  owing  to  indue 
tion,  the  transmission  of  a  current  through  submarine  wires  is  comparativdy 
slow. 

In  the  above  experiment  the  images  of  the  two  outer  sparks  appear 
simultaneously  in  the  mirror,  from  which  it  follows  that  the  electric  cnrreot 
issues  simultaneously  from  the  two  coatings  of  the  Leyden  jar. 

From  theoretical  considerations  based  upon  measurements  of  constant 
electrical  currents  Kirchoff  concluded  that  the  motion  of  electricity*  in  amiit 
in  which  it  meets  with  no  resistance  is  like  that  of  a  wave  in  a  stretched 
string,  and  has  the  velocity  of  192,924  miles  in  a  second,  which  is  about  that 
of  light  in  vacuo  (507). 

According  to  Walker,  the  velocity  of  electricity  is  18400  miles,  and  ac- 
cording to  Fizeau  and  Gounelle,  it  is  62,100  miles  in  iron,  and  11 1,780  is 
copper  wire.  These  measurements,  hdwever,  were  made  with  telegraph  wiiei. 
which  induce  opposite  electricities  in  the  surrounding  media  ;  there  is  thtf 
produced  a  resistance  which  diminishes  the  velocity.  The  \-clodty  is  k» 
in  insulated  wires  in  water  than  in  air.  The  nature  of  the  conductor  appoD 
to  have  some  influence  on  the  velocity  ;  but  not  the  thickness  of  the  wiw» 
nor  the  potential  of  the  electricity. 

For  atmospheric  electricity,  reference  must  be  made  to  the  chapter  * 
Meteorology. 
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DYNAMICAL  ELECTRICITY. 


CHAPTER   I. 
VOLTAIC  PILE.      ITS  MODIFICATIONS. 

797.  OAlTanl's  espeiimeiit  and  tlieory. — The  fundamental  experiment 
vhkh  led  to  the  discovery  of  dynamical  electricity  is  due  to  Galvani,  pro- 
fessor of  anatomy  in  Bologna.  Occupied  with  investigations  on  the  in- 
fluence of  electricity  on  the  nervous  excitability  of  animals,  and  especially  of 
the  frog,  he  observed 
that  when  the  lum- 
bar nerves  of  a  dead 
frog  were  connected 
with  the  crural  mus- 
cles by  a  metallic 
circuit,  the  latter  be- 
came briskly  con- 
traaed. 

To  repeat  this 
celebrated  experi- 
nent,  the  legs  of  a 
recently  killed  frog 
are  prepared,  and 
the  lumbar  nerves 
€B  each  side  of  the 
ftrtebral  column  are 
eiposed  in  the  form 
of  white  threads. 
A  metal  conductor, 
composed  of  zinc 
iod  copper,  is  then 
tdten  (fig.  702),  and  one  end  introduced  between  the  nerves  and  the  vertebral 
oobmn,  while  the  other  touches  one  of  the  muscles  of  the  thighs  or  legs ; 
at  each  contact  a  smart  contraction  of  the  muscles  ensues. 

Galvani  had  some  time  before  observed  that  the  electricity  of  machines 
produced  in  dead  frogs  analogous  contractions,  and  he  attributed  the  pheno- 
L  first  described  to  an  electricity  inherent  in  the  animal.     He  assumed 
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that  this  ckctridty,  whkh  be  called  rx2s7  ibcjL  passed  aront  tSfee  nerres  to 
the  muscles  by  the  metallic  arc.  and  was  tins  'Sat  caixae  cf  cnniactkB 
This  tbeor>'  met  with  great  sapport,  cspedaZ'r  anrnrtg  pdysaifia^pscSk  bat  it 
was  not  witboat  oppooents.  The  most  crmswraZpue  •:£  czese  was  Aksander 
Volta,  processor  of  physics  in  Paria. 

798.  ▼•Ita"s  *^— ■■nr-ni  capcBflMaaL — Gi^vaar s  asencni  luhd  been 
exclusively  devoted  to  the  nerres  and  msyjr^  «c  ±c  fino^  :  Vottas  «as 
directed  upon  the  connecting  metaL  Resxic^  oc  tiae  obserratioci.  viiicb 
Galvani  haid  also  made,  that  the  coouaclkm  is  oore  caeqs<eC3C  when  the  coi- 
necting  arc  is  composed  of  two  metals,  than  when  tbere  3  octly  one.  Vota 
attributed  to  the  metals  the  active  pan  is  ibe  pg'mrjfln^fPijn  of  coccractiQO. 
He  assumed  that  the  disengagement  of  ekGixirr  «as  cse  to  tbetr  cootaa 
and  that  the  animal  parts  only  officiated  as  cooisctiocs.  ax&d  at  the  same  time 
as  a  very  sensitive  electroscope. 

By  means  of  the  condensing  electroscope,  which  be  had  then  recentiy 
invented,  Volta  devised  several  modes  of  showing  die  dssengagement  of  elec- 
tricity on  the  contact  of  metals,  of  which  the  foUowing  ss  the  easest  to  per- 
form : — 

The  moistened  finger  being  placed  00  die  upper  plate  of  a  coodcnsas 
electroscope  (fig.  679),  the  lower  plate  b  toocbcd  with  a  plate  of  copper,  i^ 
scddered  to  a  plate  of  zinc,  ^,  which  is  held  in  die  odicr  hand.  Onbreakof 
the  conneaion  and  lifting  the  upper  plate  '\p%.  6So\  the  gold  leaves  divcrfe, 
and,  as  may  be  proved,  with  n^ative  electricity.  Hence,  when  sokicitd 
together,  the  copper  is  charged  with  negative  electncit>%  and  the  zinc  witk 
positive  electricity.  The  electricity  could  not  be  due  either  to  fiiction  or 
pressure  ;  for  if  the  condensing  plate,  which  is  of  copper,  is  touched  witk 
the  zinc  plate  r,  the  copper  plate  to  which  it  is  soldered  being  held  in  ik 
hand,  no  trace  of  electricity  is  obsen-ed. 

A  memorable  controversy  arose  between  Galvani  and  Volta.  The  laiw 
was  led  to  give  greater  extension  to  his  contact  theor>\  and  propounded  ik 
principle  that  when  two  het^ogematts  substoMces  are  piaced  in  catUact^  tut 
of  them  always  assumes  the  positive  and  the  otker  the  negatix^  electriod 
condition.  In  this  form  X'olu's  theory*  obtained  the  assent  of  the  prindptl 
philosophers  of  his  time.  Galvani,  however,  made  a  number  of  highly  is- 
teresting  experiments  with  animal  tissues.  In  some  of  these  he  obouDcd 
indications  of  contraction,  even  though  the  substances  in  contact  were  qoiK 
homogeneous. 

799.  lUaaacMremeBt  of  eleetrletty  la  ^MaiiMU  •etioas, — ThecooM 
theory  which  \'olu  had  propounded,  and  by  which  he  explained  the  actkn  d 
the  pile,  soon  encountered  objectors.  Fabroni,  a  countryman  of  Volta,  hiviac 
observed  that,  in  the  pile,  the  discs  of  zinc  became  oxidised  in  contict  viik 
the  acidulated  water,  thought  that  this  oxidation  was  the  principal  cansecf 
the  disengagement  of  electricity.  In  England  Wollaston  soon  advanced  ik 
same  opinion,  and  Da\y  supported  it  by  many  ingenious  experiments. 

It  is  true  that  in  the  fundamental  experiment  of  the  contact  theory (796 
Volta  obtained  signs  of  electridt>'.  But  De  la  Rive  showed  that  if  the  fli^ 
be  held  in  a  wooden  clamp,  all  signs  of  electricity  disappear,  and  that  tht 
same  is  the  case  if  the  rinc  be  placed  in  gases,  such  as  h)'drogcn  w  mtnfei* 
whidi  exert  upon  it  no  chemical  action.     De  la  Ri\*e  accordingly  coodmlc' 
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phai  131  Voka's  original  experiment  the  disengagement  of  electricity  is  due  to 
Ihe  chemical  actions  which  result  from  the  perspiration  and  from  the  oxygen 
if  the  atmosphere. 

\  The  development  of  electncity  in  chemica!  actions  may  be  demonstrated 
|hi  the  following  manner  by  means  of  the  condensing  electroscope  (786)  : — A 
^isc  of  moistened  paper  is  placed  on  the  upper  plate  of  the  condenser,  and 
1^  this  a  zinc  capsule,  in  which  some  very  dilute  sulphuric  acid  is  poured  A 
l^latinum  wire,  communicating  with  the  ground,  but  insulated  from  the  sides 
'  the  vessel,  is  immersed  in  the  liquid,  and  at  the  same  time  the  lower  plate 
condenser  is  also  connected  with  the  ground  by  touching  it  with  the 
istened  finger.  On  breaking  contact  and  removing  the  upper  plate,  the 
lid  leaves  arc  found  to  be  positively  electrified,  proving  that  the  upper 
has  received  a  charge  of  negative  electricity. 
By  a  variety  oi  analogous  experiments  it  may  be  shown  that  various 
ical  actions  are  accompanied  by  a  disturbance  of  the  electrical  equili- 
m  ;  though  of  all  chemical  actions  those  between  metals  and  liquids  are 
IDfMt  productive  of  electricity.  All  the  various  resultant  efiecis  arc  in 
c  with  the  general  rule,  that  when  a  liquid  acts  chemically  on  a 
the  liquid  assumes  the  positive,  and  the  metal  the  negative,  con* 
In  the  atiove  experiment  the  sulphuric  acid,  by  its  action  on 
becomes  positively  electrified,  and  iu  electricity  passes  off  through 
platinum  wire  into  the  ground,  while  the  negative  electricity  excited 
B  tile  tine  acts  on  the  condenser  just  as  an  excited  rod  of   sealing-wax 


imte  1 


do. 
In  many  cases  the  electrical  indications  accompanying  chemical  actions 
Inil  feeble,  and  require  the  use  of  a  very  delicate  elect n>scope  to  render 
Bi  apparent.  Thus,  one  of  the  most  energetic  chemical  actions,  that  of 
lurtc  acid  upon  line,  gives  no  more  free  electricity  than  water  nlone  does 
b  fioc 

Opinion^ — which  in  this  count r>%  at  least,  had,  mainly  by  the  influence  of 
■rwiay'i  experiments,  tended  in  favour  of  the  purely  chemical  origin  of 
d«ancit>'  pniduced  in  voltaic  act  ion— has  of  late  inclined  nmre  and  more 
the  contact  thcor>'.      The  following  experiments,  due  to  Sir  W, 
afford  perhaps  the  most  conclusive  arguments  hitherto  adduced 
of  the  latter  view  \— 
A  Tcry  light  metal  bar  is  suspended  by  fine  wjre,  so  as  to  be  movable 
m  AD  Axi^  prrpcndicular  to  the  plane  of  a  disc  made  up  of  two  hiilf  discs 
t  of  line,  Z,  and  the  other  of  copper,  C,  (fig, 
^    The  light  bar  is  counterpoised  so  as  to 
tiy  over  one  half  of  ihc  line  of  separa- 
Mi  of  the  two  discs.     When  the  discs  are 
aced  in  connection  and  the  bar  is  charged 
Ktsively  by  being  connected  with  a  Leyden 
ift  llie  bar  moves  from  the  zinc  towards  the 
if  the  jar,  and  therefore  the  bar,  is 
negatively,  its  motion  is  in  the  opposite  direction. 

wheit  the  discs  are  connected  by  a  wire,  thus  showing  thai  the 
of  the  two  metals  causes  them  to  assume  different  electrical  con- 
doo»»  the  tmc  taking  the  positive,  and  the  copper  the  negative  electricity. 
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When,  however,  the  two  halves,  instead  of  being  in  metallic  contact,  ne 
connected  by  a  drop  of  water,  no  change  is  produced  in  the  positioD  of  tlie 
bar  by  altering  its  electrification,  provided  it  hang  quite  synunetrically  re- 
lative to  the  two  halves  of  the  ring.  This  result  shows  that,  under  the  cir- 
cumstances mentioned,  no  difference  is  produced  in  the  electrical  conditioo 
of  the  two  metals.  Hence  the  conclusion  has  been  drawn  by  Sir  W.  Thom- 
son and  others,  that  the  movement  of  electricity  in  the  galvanic  drcnit  is 
entirely  due  to  the  electrical  difference  produced  at  the  surfaces  of  contact  d 
the  dissimilar  metals.  These  results  have  been  confirmed  by  some  recem 
very  careful  experiments  by  Professor  Clifton. 

There  are,  however,  other  facts  which  are  not  easily  harmonised  with 
this  view  ;  and  indeed  the  last-mentioned  experiment  can  hardly  be  reguikd 
as  proving  that  in  all  cases  two  different  metals  connected  by  an  electrolytic 
(8 1 6)  liquid  assume  the  same  electrical  condition.  It  may,  therefore,  sdll 
be  regarded  as  possible,  or  even  probable,  that  the  contact  between  the 
metals  and  the  liquids  of  a  cell  contributes,  at  least  in  some  cases,  to  the 
production  of  the  current. 

A  most  complete  discussion  of  the  question  as  to  the  seat  of  dectro- 
motive  forces  in  the  voltaic  cell  is  published  in  a  series  of  papers  by  Pni 
Lodge  in  the  nineteenth  volume  of  the  *  Philosophical  Magazine.' 

8oo.  Cnrreiit  eleotrieity. — ^When  a  plate  of  zinc  and  a  plate  of  copper  an 
partially  immersed  in  dilute  sulphuric  acid,  no  electrical  or  chemical  chaflfEC 
is  apparent  beyond  perhaps  a  slight  disengagement  of  hydrogen  from  the 
surface  of  the  zinc  plate.  If  now  the  plates  are 
placed  in  direct  contact,  or,  more  con^-cnientJy, 
are  connected  by  a  metal  wire,  the  chemical 
action  sets  in,  a  large  quantity  of  hydrogen  is 
disengaged ;  but  this  hydrogen  is  no  longer  (fc^ 
engaged  at  the  surface  of  the  zinc,  but  at  the 
surface  of  the  copper  plate.  Here  then  u-c  have 
to  deal  with  something  more  than  mere  chcmkal 
action,  for  chemical  action  would  be  unable  to 
explain  either  the  increase  in  the  quantity  o' 
hydrogen  disengaged  when  the  metals  touch,  or 
the  fact  that  this  hydrogen  is  now  gi\'en  offal 
the  surface  of  the  copper  plate.  At  the  same 
time,  if  the  wire  is  examined  it  will  be  found  to  possess  many  remarkable 
thermal,  magnetic,  and  other  properties  which  will  be  afterwards  describe! 
In  order  to  understand  what  here  takes  place, let  us  suppose  that  »*e  hart 
two  insulated  metal  spheres,  and  that  one  is  charged  with  positix-e  and  the 
other  with  negative  electricity,  and  that  they  are  momentarily  connected  by 
means  of  a  wire.  Electricity  will  pass  from  a  place  of  higher  to  a  place  o^ 
lower  potential — that  is,  from  the  positive  along  the  wire  to  the  nejjative- 
and  the  potentials  become  equal.  This  is,  indeed,  nothing  more  than  an 
electrical  discharge  taking  place  through  the  wire  ;  and  during  the  infiniteh 
short  time  in  which  this  is  accomplished,  it  can  be  shown  that  the  vii* 
exhibits  certain  heating  and  magnetising  effects,  of  which  the  increase  «* 
temperature  is  perhaps  the  easiest  to  observe.  If  now  we  can  imagine  some 
agency  by  which  the  different  electrical  conditions  of  the  two  spheres  are 
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mewed  as  last  as  they  are  discharged,  which  is  what  very  nearly  takes 
lace  when  the  two  spheres  are  respectively  connected  with  the  two  con- 
.uctors  r  and  r,  of  a  Holtz's  machine  (figs.  650^  651),  this  equalisation  of 
otentials,  thus  taking  place,  is  virtually  continuous,  and  the  phenomena 
hove  mentioned  are  also  continuous. 

Now  this  is  what  takes  place  when  the  two  metals  are  in  contact  in  a 
[quid  which  acts  upon  them  unequally.  This  is  independent  of  hypothesis 
s  to  the  cause  of  the  phenomena — whether  the  electrical  difference  is  only 
iroduced  at  the  moment  of  contact  of  the  metals,  or  whether  it  is  due  to  the 
hemical  action,  or  tendency  to  chemical  action,  between  the  metal  and  the 
iquid.  The  rapidly  succeeding  series  of  equalisations  of  potential  which 
ikes  place  in  the  wire  being  continuous,  so  long  as  the  chemical  action 
ontinues,  is  what  is  ordinarily  spoken  of  as  the  electrical  current. 

If  we  represent  by  -f  ^  the  potential  of  the  copperplate,  and  by  —  ^  the 
otential  of  the  zinc,  then  the  electrical  difference — that  is,  the  difference  ot 
otentials — is  •¥e^{—e)m2e.  And  this  is  general ;  the  essential  point  of  any 
iich  combination  as  the  above  is,  that  it  maintains,  or  tends  to  maintain,  a 
ifiference  of  potentials,  which  difference  is  constant  If,  for  instance,  the 
ac  plate  be  connected  with  the  earth  which  is  at  zero  potential,  its  potential 
Iso  becomes  zero  ;  and  since  the  electrical  difference  remains  constant,  we 
ave  for  the  potential  of  the  copper  plate  +  2e,  Similarly,  if  the  copper  be 
onnected  with  the  earth  the  potential  of  the  zinc  plate  is  negative  and  is  -  2e. 

The  conditions  under  which  a  current  of  electricity  is  formed  in  the  above 
speriment  may  be  further  illustrated  by  reference  to  the  conditions  which 
eiermine  the  flow  of  water  between  two  reservoirs  containing  water  at  dif- 
»«nt  levels.  If  they  are  connected  by  a  pipe,  water  will  flow  from  the 
ne  at  a  higher  level  to  the  one  at  a  lower  level  until  the  water  in  the  two 
\  at  the  same  level,  when  of  course  the  flow  ceases.  If  we  imagine  the 
>wer  reservoir  so  large  that  any  water  added  to  it  would  not  affect  its  level — 
'  it  were  the  sea,  for  example — that  would  represent  zero  level,  and  if  the 
igher  reservoir  could  be  kept  at  a  constant  level  there  would  be  a  constant 
ow  in  the  pipe. 

We  must  here  be  careful  not  to  dwell  too  much  on  this  analogy.  It  is  not 
>  be  supposed  that  in  speaking  of  current  of  electricity  we  mean  that  any- 
iiing  actually  flows — that  there  is  any  actual  transfer  of  matter.  We  say 
electricity  flows '  or  *  a  current  is  produced,'  in  much  the  same  sense  as  that 
D  which  we  say  *  sound  or  light  travels.' 

801.  ▼eltaie  eonple.  BleotromotiTe  series. — The  arrangement  just 
lescribed,  consisting  of  two  metals  in  metallic  contact,  and  a  conducting 
iquid  in  which  they  are  placed,  constitutes  a  simple  voltaic  element  or  couple, 
k>  long  as  the  metals  are  not  in  contact,  the  couple  is  said  to  be  open,  and 
rhen  connected  it  is  closed. 

According  to  the  chemical  view,  to  which  we  shall  for  the  present  pro- 
isionally  adhere,  it  is  not  necessary  that,  for  the  production  of  a  current,  one 
i  the  metals  be  unaffected  by  the  liquid,  but  merely  that  the  chemical  action 
ipon  the  one  be  greater  than  upon  the  other.  For  then  we  may  assume 
hat  the  current  produced  would  be  due  10  the  difference  between  the  differ- 
nces  of  potential  which  each  of  the  metals  separately  produces  by  its  con- 
aa  with  the  liquid.     If  the  differences  of  potentials  were  absolutely  equal — 
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a  condition,  however,  impossible  of  realisation  with  two  distinct  metals—we 
must  assume  that  when  the  metals  are  joined  no  current  would  be  produced. 
The  metal  which  is  most  attacked  is  called  the  positive  or  generating  plate, 
and  that  which  is  least  attacked  the  negative  or  collecting  plate.  The  posi- 
tive metal  determines  the  direction  of  the  current,  which  proceeds  in  the 
liquid  from  the  positive  to  the  negative  plate,  and  out  of  the  liquid  through 
the  connecting  wire  from  the  negative  to  the  positive  plate. 

In  speaking  of  the  direction  of  the  current  the  direction  of  the  positi^-e 
electricity  is  always  understood. 

In  the  fundamental  experiment,  not  only  the  connecting  wire  but  also  the 
liquid  and  the  plates  are  traversed  by  the  electrical  current — are  the  scene 
of  electrical  actions. 

The  mere  immersion  of  two  different  metals  in  a  liquid  is  not  alone 
sufficient  to  produce  a  current ;  there  must  be  chemical  action.  Wlien  a 
platinum  and  a  gold  plate  are  connected  with  a  delicate  galvanometer,  and 
immersed  in  pure  nitric  acid,  no  current  is  produced  ;  but  on  adding  a  drop 
of  hydrochloric  acid  a  strong  current  is  excited,  which  proceeds  in  the  liquid 
from  the  gold  to  the  platinum,  because  the  gold  is  attacked  by  the  nitn)- 
hydrochloric  acid,  while  the  platinum  is  less  so,  if  at  all. 

As  a  voltaic  current  is  produced  whenever  two  metals  are  placed  in 
metallic  contact  in  a  liquid  which  acts  more  powerfully  upon  one  than  upon 
the  other,  there  is  a  great  choice  in  the  mode  of  producing  such  currents. 
In  reference  to  their  electrical  deportment,  the  metals  have  been  arranged  in 
what  is  called  an  electromotive  series^  in  which  the  most  electropositivt  are 
at  one  end,  and  the  most  electronegative  at  the  other.  Hence  when  any  tm-oof 
these  are  placed  in  contact  in  dilute  acid,  the  current  in  the  conneaing  «irc 
proceeds  from  the  one  lower  in  the  list  to  the  one  higher.  The  principal 
metals  are  as  follows  : — 


I.  Zinc 

5.  Iron 

10.  Silver 

2.  Cadmium 

6.  Nickel 

II.  Gold 

3.  Tin 

7.  Bismuth 

12.  Platinum 

4.  Lead 

8.  Antimony 

9.  Copper 

13.  Graphite 

It  will  be  seen  that  the  electrical  deportment  of  any  metal  depends  on  the 
metal  with  which  it  is  associated.  Iron,  for  example,  in  dilute  sulphuric  acid 
is  electronegative  towards  zinc,  but  is  electropositive  towards  copper  :  copf*^ 
in  turn  is  electronegative  towards  iron  and  zinc,  but  is  electropositive  towarus 
silver,  platinum,  or  graphite. 

802.  BlectromotlTe  force. — The  force  in  virtue  of  which  continue* 
electrical  effects  are  produced  throughout  a  circuit  consisting  of  two  metab 
in  metallic  contact  in  a  liquid  which  acts  unequally  upon  them,  is  usually 
called  the  electromotive  force.  Electromotive  force  and  difference  ofpoUnti^i 
are  commonly  used  in  the  same  sense.  It  is,  however,  more  correct  to  regaid 
difference  of  potentials  as  a  particular  case  of  electromotive  force  ;  for  as»t 
shall  afterwards  see,  there  are  cases  in  which  electrical  currents  are  pro- 
duced without  the  occurrence  of  that  particular  condition  which  we  have  called 
difference  of  potentials.  The  electromotive  force  is  greater  in  proportion  to 
the  distance  of  the  two  metals  from  one  another  in  the  series.     That  is  to 
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t  is  greater  the  greater  the  diflference  between  the  chemical  action  upon 
ro  metals  immersed.  Thus  the  electromotive  force  between  zinc  and 
um  is  greater  than  that  between  zinc  and  iron,  or  between  zinc  and 
T.  The  law  established  by  experiment  is,  that  the  electromotive  force 
m  any  two  metals  is  equal  to  the  sum  of  the  electromotive  forces  between 
t  intervening  metals.  Thus  the  electromotive  force  between  zinc  and 
um  is  equal  to  the  sum  of  the  electromotive  forces  between  zinc  and 
iron  and  copper,  and  copper  and  platinum. 
le  electromotive  force  is  influenced  by  the  condition  of  the  metal ; 

zinc,  for  instance,  is  negative  towards  cast  zinc.  It  also  depends  on 
^;ree  of  concentration  of  the  liquid  ;  in  dilute  nitric  acid  zinc  is  positive 
ds  tin,  and  mercury  positive  towards  lead  ;  while  in  concentrated  nitric 
he  reverse  is  the  case,  mercury  and  zinc  being  respectively  electronega- 
>wards  lead  and  tin. 

le  nature  of  the  liquid  also  influences  the  direction  of  the  current.  If 
lates,  one  of  copper  and  one  of  iron,  are  immersed  in  dilute  sulphuric 
ft  current  is  set  up  proceeding  through  the  liquid  from  the  iron  to  the 
r ;  but  if  the  plates,  after  being  washed,  are  placed  in  solution  of 
iium  sulphide,  a  current  is  produced  in  the  opposite  direction — the 
r  is  now  the  positive  metal.  Other  examples  may  be  drawn  from  the 
ing  table,  which  shows  the  electric  deportment  of  the  principal  metals 
hree  different  liquids.     It  is  arranged  like  the  preceding  one  ;  each 

being  electropositive  towards  any  one  lower  in  the  list,  and  electro- 
ve  towards  any  one  higher. 

Sulphide  of 
pouuuiuin 

Zinc 

Copper 

Cadmium 

Tin 

Silver 

Antimony 

Lead 

Bismuth 

Nickel 

Iron 

voltaic  current  may  also  be  produced  by  means  of  two  liquids  and 
etal.     This  may  be  shown  by  the  following  _ 

ment  : — In  a  beaker  containing  strong  nitric 
s  placed  a  small  porous  pot  (fig.  705),  con- 
%  strong  solution  of  caustic  potass.  If  now 
latinum  wires  connected  with  the  two  ends 
ilvanometer  (821)  are  immersed  respectively 
alkali  and  in  the  acid,  a  voltaic  current  is 
ired,  proceeding  in  the  wire  from  the  nitric 
o  the  potass,  which  thus  correspond  re- 
rely  to  the  negative  and  positive  plates  in 
ry  couples, 
netal  which  is  acted  upon  by  a  liquid  can  be  protected  from  solution 


Caustic  potass 

Hydrochloric  acid 

Zinc 

Zinc 

Tin 

Cadmium 

Cadmium 

Tin 

Antimony 

Lead 

Lead 

Iron 

Bismuth 

Copper 

Iron 

Bismuth 

Copper 

Nickel 

Nickel 

Silver 

Silver 

Antimony 

Fig.  705. 
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by  placing  in  contact  with  it  a  more  electropositive  metal,  and  thus  liormmg 
a  simple  voltaic  circuit.  This  principle  is  the  basis  of  Davys  proposal  lo 
protect  the  copper  sheathing^  of  ships,  which  are  rapidly  acted  upon  by  lea- 
water,  If  zinc  or  iron  be  connected  with  the  copper^  these  metjils  arc  dis* 
solved  and  the  copper  protected.  Dav'y  foui>d  that  a  piece  of  lific  the  va/t 
of  a  nail  was  sufficient  to  protect  a  surface  of  forty  or  fifty  square  ioches ; 
unfortunately  the  proposal  has  not  been  of  practical  value,  for  the  copper 
must  be  attacked  to  a  certain  extent  to  prevent  the  adherence  of  mnttl 
plants  and  shellfish. 

803.  9ote«  and  eleetrodes. — If  the  wire  connecting  the  two  tenotlii 
plates  of  a  voltaic  couple  be  cut,  it  is  clear,  from  what  has  beeo  said  aljofli 
the  origin  and  direction  of  the  current,  that  positive  electricity  will  ^msdA^ 
accumulate  at  the  end  of  the  wire  attached  to  the  copper  or  negative  fililt, 
and  negative  electricity  on  the  wire  attached  to  the  zinc  or  posim^e  ptali 
These  terminals  have  been  called  the  p&itM  of  At 
battery.  For  experimental  purposes,  more  espflo^ 
ally  in  the  decomposition  of  salts,  pbtes  of  pUtiiiff 
are  attached  to  the  ends  of  the  wires.  Insteaiiaftbe 
term  poles,  the  word  electrode  {^^tmrpov  and  H^t  a 
way)  is  now  commonly  used ;  for  these  arc  the  ts*p/ 
through  which  the  respective  electricities  cinerfe»^ 
is  important  not  to  confound  the  positive  /AtCf 
the  positive  po/t  or  electrode.  The  positive 
^,  1  is  that  connected  with  the  negative  plate,  whjk  ifc* 
*  negative  electrode  is  connected  with  the  positive  ptat- 
804.  Voltalo  pila.  Voltaie  battery. —VM>£fl  ^ 
series  of  voltaic  elements  or  pairs  are  arranfed  w 
that  the  Jtinc  of  one  element  is  connected  with  the 
copper  of  another,  the  zinc  of  this  with  the  njpf*r 
of  another,  and  so  on,  the  arrangemeoi  is  ciBei  1 
xfoltak  battery ;  and  by  its  means  the  cibcts  p^ 
duced  by  a  single  eJement  are  capable  of  bem|  «^ 
greatly  increased. 

The  earliest  of  these  arrangements  wft$  deriieJ  ^ 
Volta  himself.  It  consists  (fig.  706)  of  a  seileft  pf  <i<»^ 
piled  one  over  the  other  in  the  following  arder  --^^ 
the  bottom,  on  a  frame  of  wood,  is  a  disc  of  cof9^ 
then  a  disc  of  cloth  moistened  b>'  acidalatedvnKi;' 
by  brine,  then  a  disc  of  line  ;  on  this  a  dtac  of  €Of|A 
and  another  disc  of  moistened  cUmK,  to  arllicil  ip* 
follow  as  many  sets  of  zinc  cloth  cnppef,  ali«y»t«li* 
same  order,  as  may  be  c  t,  tl»e  hicM*  ^ 

being  of  2tnc.    The  discs  are  kept  in  a  vertical  p  ^y  g|asa  rod*. 

It  will  be  readily  seen  that  we  have  here  a  senes  of  simgile  vokak  ooif^ 
I  the  moisture  in  the  cloth  acting  as  the  liquid  in  the  casi^  alreadjr  fB«MMiA 
ad  that  the  terminal  m\c  is  the  negative  and  the  tenmnal  copl^  *^ 
poi.itive  pole.  From  the  mode  of  its  arrangement,  an4  from  its  diiOOrtKSi 
the  apparatus  is  known  as  the  xfoltaic  piUy  a  term  applied  to  allappirtB** 
this  kind  for  accumulating  the  effects  of  dynamical  electrksty* 
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The  distribution  of  elearicity  in  the  pile  varies  according  as  it  is  in  con- 
nection with  the  earth  by  one  of  its  extremities,  or  as  it  is  insulated  by  being 
placed  on  a  non-conducting  cake  of  resin  or  glass. 

In  the  former  case,  the  end  in  contact  with  the  ground  is  neutral,  and  the 
rest  of  the  apparatus  contains  only  one  kind  of  eiectricity  ;  this  is  negative 
if  the  copper  disc,  and  positive  if  the  zinc  disc  is  in  contact  with  the  ground. 

In  the  insulated  pile  the  electricity  is  not  uniforaily  distributed.  By 
means  of  a  proof  plane  and  electroscope  it  may  be  demonstrated  that  the 
middle  part  is  in  a  neutral  state,  and  that  one-half  is  charged  with  positive 
and  the  other  with  negative  electricity,  the  potential  increasing  from  the 
middle  to  the  ends.  The  half  terminated  by  a  zinc  disc  is  charged  with  nega- 
tive electricity,  and  that  by  a  copper  with  positive  electricity.  The  pile  is 
thus  similar  to  a  charged  Leyden  jar ;  with  this  difference,  however,  that 
when  the  jar  has  been  discharged  by  connecting  its  two  coatings,  the  elec- 
trical cfiects  cease  ;  while  in  the  case  of  the  pile,  the  cause  which  originally 
hfOtlCffat  about  the  distribution  of  electricity  restores  this  state  of  charge  after 
llie  discharge  ;  and  the  continuous  succession  of  charges  and  discharges  forms 
the  current    The  effects  of  the  pile  will  be  discussed  in  other  places. 

805,  liroUmAtoD's  batteiy.— The  original  form  of  the  voltaic  pile  has  a 
ntat  many  inconveniences,  and  possesses  now  only  an  historical  interest. 
It  has  received  a  great  many  improvements,  the  principal  object  of  which 
Ha»  been  to  facilitate  manipulation,  and  to  produce  greater  electromotive 
l9re& 
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of  the  earliest  of  these  modifications  was  the  crown  of  cups,  or 
t<r  dis  lasses^  invented  by  Voka  himself.    An  improved  form  of  tliis  b 
as  H'if//iuian's  baiUry  (fig.  707)  ;  it  is  arranged  so  that  when  the 
is  not  wanted^  the  action  of  the  battery  can  be  stopped. 
The  plates  Z  are  of  thick  rolled  zinc,  and  usually  about  eight  inches  in 
I  bf  six  in  breadth.    The  copper  plates,  C,  are  of  thin  sheets  and  bent 
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so  as  to  sarroond  the  zincs  without  touching  them,  contact  being  pieifcnted 
\ff  small  pieces  of  cori^  To  each  copper  plate  a  narrow  strip  of  copper, «, 
is  soldered,  which  is  bent  twice  at  rig^t  angles  and  is  soldered  to  the  zinc 
plate ;  and  the  nrst  zinc,  Z,  is  smrroimded  by  the  first  copper  C  ;  these  two 
cuDsiiiute  a  coaple,  and  each  couple  is  immersed  in  a  glass  vessel,  containing 
aodulated  water.  The  copper,  C,  is  soldered  to  the  second  zinc  by  the  strip 
0,  and  this  zinc  is  in  tnm  smrounded  by  a  second  copper,  and  so  on. 

I^ig-  707  represents  a  pile  of  sixteen  couples  united  in  two  parallel  series 
of  eight  each.  All  these  couples  are  fixed  to  a  cross  frame  of  wood,  by  whidi 
they  can  be  raised  or  lowered  at  pleasure.  When  the  battery  is  not  wanted, 
the  couples  are  lifted  out  of  the  liquid.  The  water  in  these  vessels  is  osoaliy 
acidulated  with  ^  sulphuric  and  ^  of  nitric  acid. 

Hares  dtflagrator, — This  is  a  simple  voltaic  arrangement,  consisting  d 
two  large  sheets  of  copper  and  zinc  rolled  together  in  a  spiral,  but  preserved 
from  direct  contact  by  bands  of  leather  or  horsehair.  The  whole  is  immersed 
in  a  vessel  containing  acidulated  water,  and  the  two  plates  are  connected 
outside  the  liquid  by  a  conducting  wire. 

806.  SBliMbleneirt  •rtte«  cTreat  la  battertas.  ■eeaaaagy  um  niw 
The  ^-arious  batteries  already  described — Volta's,  Wollaston's,  and  Hare's, 
which  consist  essentially  of  two  metals  and  one  liquid — labotir  under  tbe 
objection  that  the  currents  produced  rapidly  diminish  in  strength. 

This  is  principally  due  to  three  causes  :  the  first  is  the  decrease  in  tbe 
chemical  action  owing  to  the  neutralisation  of  the  sulphuric  acid  by  its  com- 
bination with  the  zinc  This  is  a  necessary  action,  for  upon  it  depends  tbe 
current ;  it  therefore  occurs  in  all  batteries,  and  is  i*-ithout  remedy  except  by 
replacement  of  acid  and  zinc  The  second  is  due  to  what  is  called  loc^ 
action  \  that  is,  the  production  of  small  closed  circuits  in  the  active  metal 
owing  to  the  impurities  it  contains.  These  local  currents  rapidly  wear  away 
the  active  plate,  without  contributing  anything  to  the  continuance  of  the 
general  current.  They  are  remedied  by  amalgamating  the  zinc  with  mercno* 
by  which  chemical  action  is  prevented  imtil  the  circuit  is  dosed,  as  will  be 
more  fully  explained  (816).  The  third  arises  frtMn  the  production  of  la 
inverse  electromotive  force,  which  tends  to  produce  a  current  in  a  contiir)' 
direction  to  the  principal  current,  and  therefore  to  destroy  it  either  totally 
or  partially.  In  the  fundamental  experiment  {^.  704},  when  the  drcuit  is 
closed,  zinc  sulphate  is  formed,  which  dissolves  in  the  liquid,  and  at  tbe 
same  time  a  layer  of  hydrogen  gas  is  gradually  formed  on  the  siuface  of  tbe 
copper  plate.  This  diminishes  the  activity  of  the  combination  in  more  this 
one  way.  In  the  first  place,  it  interferes  with  the  contact  beti^-een  the  meal 
and  the  liquid  ;  in  the  second  place,  in  proportion  as  the  copper  becomes 
coated  with  hydrogen,  we  have  virtually  a  plate  of  hydrogen  instead  of  a 
plate  of  copper  opposed  to  the  zinc,  and  in  addition,  the  hydrogen,  by  react- 
ing on  the  zinc  sulphate,  which  accumulates  in  the  liquid,  gradually  canscsi 
deposition  of  zinc  on  the  surface  of  the  copper ;  hence,  instead  of  \xcH 
two  different  metals  unequally  attacked,  the  two  metals  become  gradnaDy 
less  different  and,  consequently,  the  total  effect  and  the  current  becoae 
weaker  and  weaker. 

The  polarisation  of  the  plate  (as  this  phenomenon  is  termed)  may  be 
destroyed  by  breaking  the  circuit  and  exposing  the  copper  plate  to  the  aff ; 
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the  deposited  hydrogen  is  thus  more  or  less  completely  got  rid  of,  and  on 
again  closing  the  circuit  the  current  has  nearly  its  original  strength.  The 
same  result  is  obt^Lined  when  the  cun-ent  of  another  batter>Ms  transmilled 
Ihroogh  the  battery  in  a  direction  opposite  to  that  of  the  first 

When  platinum  electrodes  are  used 
to  decompose  water,  a  similar  pheno- 
menon is  produced,  c^l^ApiHarisatwn 
§f  the  thcirodtSy  which  may  be  illus- 
trated by  an  arrangement  represented 
In  6g.  70S,  in  which  B  is  a  constant 
eicment,  V  a  voltameter  (845),  G  a 
Ivanometer  (82i)»and  H  a  mercury 
[fk.  The  wire  L  being  disconnected 
ora  H,  a  current  is  produced  in  the 
NiJtiuneterf  the  direction  of  which  is 
P  to  P' ;  if  now  the  wire  F  be 
etachcd  from  H,  and  L  be  connected  therewith,  a  current  is  produced  in 
e  voltameter,  the  direction  of  which  is  from  P  to  P' ;  if  now  the  wire  F 
\  detached  from  H,  and  L  be  connected  therewith,  a  current  is  produced 
through  the  galvanometer  the  direction  of  which  is  from  P'  to  P  :  that  is,  the 
pposite  of  that  which  the  element  had  previously  produced.  Becquerel  and 
ay  have  shown  that  this  polarisation  of  the  metals  results  from  the 
its  caused  by  the  passage  of  the  current,  and  an  important  application 
piMQOmenon  will  be  found  described  farther  on  (849), 


Fig.  708. 


CONSTANT  CURRENTS. 

O0o»t*iit  oarreitti.— With  few  exceptions,  batteries  composed  of 
^ticssents  with  a  single  liquid  have  almost  gone  out  of  use,  in  consequence 
rapid  cnfeeblement  of  the  current  produced.   They  have  been  replaced 
ieries  with  two  liquids,  which  are  called  amstant  bat/eries  because 
'  action  continues  without  material  alteration  for  a  considerable  period 
The  essential  point  to  be  attended  to  in  securing  a  constant  current 
>  prevent  the  polarisation  of  the  inactive  metal  ;  in  other  words,  to  hinder 
r  peitnanent  deposition  of  hydrogen  on  its  surface.     This  ts  effected  by 
the  inactive  metal  in  a  liquid  upon  which  the  deposited  hydrogen 
:  chemically. 
Soft.  »iiBl»uW  battery.— This  was  the  6rst  form  of  the  constant  battery, 
d  was  invented  by  Daniell  in  the  year  1836,     As  regards  the  constancy 
of  its  action^  it  is  perhaps  still  the  best  of  all  constant  batteries.     Fig.  709 
[Its  a  single  element.    A  glass  or  porcelain  vessel,  V,  contains  a 
solution  of  copper  sulphate,  in   which    is    immersed    a    copper 
r*  G,  open  at  both  ends»  and  perforated  by  holes.     At  the  upp»er  part 
[dt tilts  cyltfider  there  is  an  annular  shelf,  G,  also  perforated  by  small  hulcs, 
IbdM  the  level  of  the  solution  ;  this  is  intended  to  support  crystals  of 
'sulphate  to  replace  that  decomposed  as  the  electrical  action  pro- 
Inside  the  c>^linder  is  a  thin  porous  vessel,  P,  of  unglaicd  earthen- 
This  contains   either   water  or  solution  of  common  salt  ur  dilute 
r  acid,  in  which  is  placed  the  cylinder  of  amalgamated  jtinc,  'L,    Two 
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thin  strips  of  copper,  p  and  n,  fixed  by  binding  screws  to  the  copper  and  to 
the  zinc,  serve  for  connecting  the  elements  in  scries. 

When  a  DanielPs  element  is  closed,  the  hydrogen  resulting  from  the 
action  of  the  dilute  acid  on  the  zinc  is  liberated  on  the  surface  of  the  copper 
plate,  but  meets  there  the  copper  sulphate,  which  is  reduced,  forming  sul- 
phuric acid  and  metallic  copper,  which  is  deposited  on  the  surface  of  the 
jcopper  plate.     In  this  way  copper  sulphate  in 
solution  is  taken  up ;  and  if  it  were  all  con- 
sumed, hydrogen  would  be  deposited  00  the 
copper,  and  the   current  would    lose  its  con- 
stancy.   This  is  prevented  by  the  crystals  of 
copper  sulphate  which  keep  the  solution  satu- 
rated.    The  sulphuric  acid  produced  by  the 
decomposition  of  the  sulphate   permeates  tbe 
porous  cylinder,  and  tends  to  replace  the  add 
used  up  by  its  action  on  the  zinc ;  and  as  tbe 
quantity  of  sulphuric  acid  formed  in  the  soio- 
tion  of  copper  sulphate  is  regular,  and  propor- 
tional to  the  acid  used  in  dissolving  the  zinc,  tbe 
action  of  this  acid  on  the  zinc  is  regular  also,  and 
thus  a  constant  current  is  produced. 

In  order  to  join  together  several  of  these 
elements  to  form  a  battery,  the  zinc  of  one  is  connected  either  by  a  copper 
wire  or  strip  with  the  copper  of  the  next,  and  so  on,  from  one  etemeni  to 
another,  as  shown  in  fig.  713,  for  another  kind  of  battery. 

Instead  of  a  porous  earthenware  vessel  a  bag  of  sailcloth  may  be  used 
for  the  diaphragm  separating  the  two  liquids.  The  effect  is  at  first  more 
powerful,  but  the  two  solutions  mix  more  rapidly,  which  weakens  the  current. 
The  object  of  the  diaphragm  is  to  allow  the  current  to  pass,  but  to  pre^tflt 
as  much  as  possible  the  mixture  of  the  two  liquids. 

The  current  produced  by  a  Daniell's  battery  is  constant  for  some  hoars : 

its  action  is  stronger  when  it  ^ 
placed  in  hot  water.  Its  electro- 
motive force  is  about  1*12  volt 

*  809.  OroTe's  b»tt«ry.— In  tbis 
battery  the  copper  sulphate  solutioo 
is  replaced  by  nitric  acid,  and  the 
copper  by  platinum,  by  wbkb 
greater  electromotive  force  b  ob- 
tained. Fig.  710  represents  one 
of  the  forms  of  a  couple  of  this 
battery.  It  consists  of  a  gU** 
vessel.  A,  partially  filled  with  ditaie 
sulphuric  acid(i  :  8) ;  of  acylitfkr 
of  zinc,  Z,  open  at  both  ends ;  dt 
vessel,  V,  made  of  porous  eaithcs* 
ware,  and  containing  ordinary  nitric 
M  t  of  a  pUte  of  platinum,  P  (fig.  711),  bent  in  the  form  of  an  S»  ^^^  ^ 
«r»  <9  which  rests  on  the  porous  vessel.     The  platinum  b  cos- 
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neded  with  a  binding  screw,  ^,  and  there  is  a  similar  binding  screw  on  the 
line.  In  this  battery^  the  hydrogen,  which  would  be  disengaged  on  the 
platioum  meeting  the  nitric  acid,  decomposes  it,  forming  hyponilrous  acid, 
which  dissolves,  or  is  disengaged,  as  nitrous  fumes.  Grove's  battery  is  the 
most  convenient,  and  one  of  the  most  powerful  of  the  two  fluid  batteries. 
It  IS,  however,  expensive,  owing  to  the  high  price  of  platinum  ;  besides 
which  the  platinum  is  liable,  after  some  time,  to  become  brittle  and  break 
rery  easily.  But  as  the  platinum  is  not  consumed,  it  retains  most  of  its 
value,  an*d  when  the  plates  which  have  been  used  in  a  batter>'  are  heated  to 
redness,  they  regain  their  elasticity. 

Sio.  Mummmn^m  liattery. — Bunsen* s^  also  known  as  the  xinc  carton 
batiery,  was  invented  in  1843  ;  it  is  in  effect  a  Grove's  battery,  where 
the  plate  of  platinum  is  replaced  by  a  cylinder  of  carbon.  This  is  made 
either  of  the  graphitoidal  carbon  deposited  in  gas  retorts,  or  by  calcin- 
ing in  an  iron  mould  an  intimate  mixture  of  coke  and  bituminous  coal,  finely 
powdered  and  strongly  compressed  Both  those  modifications  of  carbon  are 
'  conductors.     Each  element  consists  of  the  following  parts  :  i,  a  vessel, 
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ll^  {fig,  7l2)t  either  of  stoneware  or  of  glass,  containing  dilute  sulphuric  acid  ; 
>  1  hdlow  cylinder,  Z,  of  amalgamed  zinc  ;  3.  a  porous  vessel,  V,  in  which 
» ffdiiiary  nitric  acid  ;  4.  a  rod  of  carbon,C,  prepared  in  the  above  manner. 
lil  F  the  zinc  is  first  placed,  and  in  it  the  carbon  C  in  the  porous 
t  V  AS  »ccn  in  P.     To  the  carbon  is  fix^tX  a  binding  screw,  iw,  to  which 
■  wire  is  attached,  forming  the  positive  pole.     The  zinc  is  provided 
Tm  timtlar  binding  screw,  /«,  and  wire,  which  is  thus  a  negative  pole. 
A  single  cell  of  the  ordinary  dimensions,  20  cm*  in  height  and  9  in  tXivi'^ 
«ir^  ^ves  a  current  of  1 3  to  13  amperes  when  on  thoridrcuHy  that  is  when 
^illickMed  without  measurable  resistance. 

?  dements  are  arranged  to  fonti  a  battery  (fig.  71 3)  t>y  connecting  each 
\  to  lh€  tine  of  the  followmg  one  by  means  of  the  clam|)s  mn^  and  a 
I  of  copper,  r,  represented  in  the  top  of  the  figure.  Tlic  copper  is  pressed 
f  eid  between  the  carbon  and  the  clamp,  and  at  the  other  it  is  *ofderf»d 
tllbeciamp  !»♦  which  is  fitted  on  the  zinc  of  the  following  clement,  an 
[The  cUmp  <A  the  first  carbon  and  that  of  the  last  zinc  are  alone  1 
'  with  binding  icrtws,  to  which  are  attached  the  wires* 


Caiifin's  haiiery  is  a  modified  torm  of  Cro%'c*s.  Instesd  of  mc  and  pbft^ 
num,  zinc  and  platinised  lead  are  used,  and  instead  of  ptirc  nitric  acidCallia 
used  a  mixture  of  sulphuric  acid,  nitric  acid,  and  saturated  solution  of  nitrt 
The  battery  is  said  to  be  equal  in  its  action  to  Grove's,  and  is  inuck  diesaper 

Caltan  has  also  constructed  a  battery  in  which  i\xiz  in  dilute  sotpbonc 
acid  forms  the  positive  plate,  and  cast  iron  in  strong  nitric  acid  the  n^^it 
Under  these  circumstances  the  iron  becomes  passive  :  it  is  strongly  eteOtt^ 
negative,  and  does  not  dissolve.  If,  however,  the  nitric  add  beoamei  too 
weak,  the  iron  is  dissolved  with  simultaneous  disengagen\entof  ohronsfiBiei 

After  being  in  use  some  time,  all  the  batteries  in  which  the  pokuisttke  i* 
prevented  by  nitric  acid  disengage  nitrous  fumes  in  large  qttanttde&^Mdtki 
is  a  serious  objection  to  their  use,  especially  in  closed  rooms.  Ta  | 
this,  nitric  acid  is  frequently  replaced  by  chromic  acid,  or,  better,  by  a  I 
of  4  parts  potassium  bichromate,  4  parts  sulphuric  acid,  and  18  nMCi 
liberated  hydrogen  reduces  the  chromic  acid  to  the  state  of  oiici^olc 
which  remains  dissolved  in  sulphuric  acid.  With  the  same  vlew^l 
chloride  of  iron  is  sometimes  substituted  for  nitric  acid  ;  it  boqon 
to  protochloride.  But  the  action  of  the  elements  thus  modifted  i 
ably  less  than  when  nitric  acid  is  used,  owing  to  the  increased  ] 

811.  Smee's  battery^  — In  this  battery  the  polarisation  of  the 
plate  is  prevented  by  mechanical  means.     Each  element  consists  (rfai 
platinum  placed  between  two  vertical  plates  of  2inc  as  in  Crow's  I 
but  as  there  is  only  a  single  liquid,  dilute  sulphuric  acid,  the  < 
much  the  form  of  those  in  Wollaston's  battery.    The  adhefCQOCQCIljndnfd 
to  the  negative  plate  is  prevented  by  covering  the  platintun  witii  mi 
finely  divided  platinum.     In  this  manner  the  sur^ce  is  noo^beoodi  «hicl 
facilitates  the  disengagement  of  hydrogen  to  a  remarkdible 
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Uly  diminishes  the  resistance  of  a  couple.  Instead  of  platinum,  silver 
d  with  a  deposit  of  finely  divided  platinum  is  frequently  substituted,  as 
cheaper. 

alker's  battery, — This  resembles  Smee's  battery,  but  the  electronegative 
is  either  gas  graphite  or  platinised  graphite  ;  it  is  excited  by  dilute 
trie  acid.  This  battery  is  used  in  all  the  stations  of  the  South-Eastern 
ly ;  it  has  considerable  electromotive  force,  is  convenient  and  economi- 
nanipulation,  and  large-sized  elements  can  be  constructed  at  a  cheap  rate. 
L  B^eeat  toattorles. — The  mercury  sulphate  battery  (fig.  714)  de- 
by  Mari^  Davy,  is  essentially  a  zinc-carbon  element,  but  of  smaller 
sions  than  those  elements  usually  are.  In  the  outer  vessel,  V,  ordi- 
ater  or  brine  is  placed,  and  in  the  porous  vessel  mercury  sulphate  This 
agitated  with  about  three  times  its  volume  of  water,  in  which  it  is 
Itly  soluble,  and  the  liquid  poured  off  from  the  pasty  mass.  The  carbon 
placed  in  the  porous  vessel,  the  spaces  are  filled  with  the  residue,  and 
be  decanted  liquid  poured  into  it. 

emical  action  takes  place  only  when  the  cell  is  closed.  The  zinc  then 
.poses  the  water,  liberating  hydrogen,  which,  traversing  the  porous 
,  reduces  the  mercury  sulphate,  forming  metallic  mercury,  which  collects 
bottom  of  the  vessel,  while  the  sulphuric  acid  formed  at  the  same  time 
les  the  diaphragm  to  act  on  the  zinc  and  thus  increases  the  action, 
e  mercury  which  is  deposited  may  be  used  to  prepare  a  quantity  of 
,te  equal  to  that  which  has  been  consumed.  A  small  quantity  of  the 
ta  of  mercury  sulphate  may  also  pass  through  the  diaphragm  ;  but  this 
er  advantageous,  as  its  effect  is  to  amalgamate  the  zinc, 
e  electromotive  force  of  this  element  is  about  a  quarter  greater  than  that 
Dieil's  element,  but  it  has  greater  resistance  ;  it  is  rapidly  exhausted 
continuously  worked,  though  it  appears  well  suited  for  discontinuous 
as  with  the  telegraph,  and  with  alarums. 
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Fig.  71^ 


'o^'ity  batteries.— The  use  of  porous  vessels  is  open  to  many  objections, 
especially  in  the  case  of  Daniell's  battcr>\  in  which  they  gradually 
le  encrusted  with  copper,  which  destroys  them.  A  kind  of  battery  has 
ievised  in  which  the  porous  vessel  is  entirely  disi^ensed  with,  and  the 
tion  of  the  liquids  is  efifccted  by  the  difference  of  density.  Such 
es  are  called  ^e^aviiy  batteries.     Fig.  7 1 5  represents  a  form  devised 
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by  CallancL  V  is  a  glass  or  earthenware  vessel  in  which  is  a  copper  plate 
soldered  to  a  vim  insulated  by  gutta-percha.  On  the  plate  is  a  layer  of 
crystals  of  copper  sulphate,  C  ;  the  whole  is  then  filled  with  water,  and  the 
zinc  cylinder  Z,  is  immersed  in  it  The  lower  part  of  the  liquid  becomes 
saturated  with  copper  sulphate  ;  the  action  of  the  battery  is  that  of  a  Daniel 
and  the  zinc  sulphate  which  gradually  forms,  floats  on  die  solution  of  copper 
stilphate  owing  to  its  lower  density.  Thb  battery  is  easily  manipulated,  the 
consumption  of  copper  sulphate  is  economical,  and  when  not  agiuted  it 
works  constantly  for  some  time,  provided  care  be  taken  to  replace  the  water 
lost  by  evaporation. 

MetiUnger's  element,  which  is  much  used  in  Germany,  is  essentially  i 
gravity  battery  of  special  construction,  with  zinc  in  solution  of  magnesinni 
sulphate,  and  copper  in  solution  of  copper  sulphate. 

Minottds  battery, — This  may  be  described  as  a  Daniell's  element,  ii 
which  the  porous  vessel  is  replaced  by  a  layer  of  sawdust  or  of  sand.  .At 
the  bottom  of  an  earthenware  vessel  (fig.  716)  is  placed  a  layer  of  coarsdjr- 
powdered  copper  sulphate  a,  and  on  this  a  copper  plate  provided  with  m 
insulated  copper  wire  /.  On  this  there  is  a  layer  of  sand  or  of  sawdast  A; 
and  then  the  whole  is  filled  with  water,  in  which  rests  a  zinc  cylinder  Z. 
The  action  is  just  that  of  a  Daniell ;  the  sawdust  prevents  the  mixture  of  the 
liquids,  but  it  also  offers  great  resistance,  which  increases  with  its  thickaesi 
From  its  simplicity  and  economy,  and  the  facility  nith  which  it  is  constructed, 
this  battery  merits  increased  attention. 

De  la  Rue  and  Miiller's  element  consists  of  a  glass  tube  about  6  inches 
long  by  075  inch  in  diameter,  closed  by  a  vulcanised  india-rubber  stopper 
through  which  passes  a  zinc  rod  0*18  inch  in  diameter  and  5  inches  loo;- 
A  flattened  silver  wire  also  passes  through  the  stopper  to  the  bottom  of  the 
tube,  in  which  is  placed  about  half  an  ounce  of  silver  chloride,  the  greater 
part  of  the  cell  being  filled  with  solution  of  sal-ammoniac.  The  hydrogea 
evolved  at  the  negative  plate  reduces  the  chloride  to  metallic  silver,  irfuch 
is  thereby  recovered.  Since  there  is  only  one  liquid,  and  the  solid  electro- 
lyte is  not  acted  upon  when  the  circuit  is  open,  the  element  is  easily  woihed 
and  requires  little  attention.  It  is  very  compact,  1,000  elements  occopyii^ 
a  space  of  less  than  a  cubic  yard  ;  De  la  Rue  and  Miiller  have  used  asauo! 
as  14,400  such  cells  in  investigations  on  the  stratification  of  the  electric  figli^ 
A  battery  of  8,040  of  these  cells  gave  a  spark  |  of  an  inch  in  length  in  «f 
under  the  ordinary  atmospheric  pressure  ;  while  under  a  pressure  of  a  qoarer 
of  an  atmosphere  the  striking  distance  was  \\  inch. 

The  electromotive  force  of  a  silver  chloride  cell  is  1*03  of  a  \-olt,  andtfctf 
of  one  made  with  silver  bromide  is  0-908  ;  hence  a  series  of  4  cells,  ihfte  cf 
the  silver  chloride  cells  with  one  of  bromide,  give  an  average  electrocnoc^ 
force  of  I  volt  (814). 

Latimer  Claries  element  consists  of  pure  mercury  as  a  negati^-e  ph* 
covered  with  a  paste  obtained  by  boiling  sulphate  of  mercury  in  a  sat***' 
solution  of  zinc  sulphate.  The  positive  metal  is  a  plate  of  nnc  lesdnf^ 
this  paste  of  sulphate.  Insulated  wires,  leading  to  the  mercury  and  the  iff- 
respectively,  form  the  connections.  This  battery  is  not  well  adapted  ii' 
continuous  work,  but  it  furnishes  a  standard  of  electromotix-e  force,  which  ^ 
constant  and  can  be  relied  upon.     Its  electromotive  force  is  1*46  %t)«:&. 


*'iit.  7»7- 


A  convenient  form  of  element  for  many  purposes  Is  the  po/asnum  bichro- 
^aU^  or,  as  it  is  frequenlly  termed,  ihc  bichromate  o/ p<f/ass  elemtnt  (fig,  717). 
t  consists  of  a  zinc  plate,  7.,  .ittached  lo  a  brass 
Ddy  which  slides  up  and  down  in  a  brass  tube  in  an 
ibonitc  or  porcelain  cover,  so  thai  It  can  be  wholly 
pATlially  immersed  in  the  liquid.  Two  graphite 
es,  C  C,  are  similarly  tilted  in  the  cover,  and  by 
s  of  strips  of  brass  the  carbon  and  the  zinc 
fcs  are  respectively  in  connection  with  the  binding 
crews,  wh\ch  thus  form  the  poles.  'Flie  exciting 
quid  is  a  mixture  of  1  part  of  potfissium  bichromate, 
of  sulphuric  acid,  and  10  of  water. 

The  electromotive  force  is  about  rS  or  19  that 

f  a  Daniell ;  when  the  element  is  closed  by  a  wire 

f  small  rcsislaivcc  its  E.  \L  F.  increases  slightly  at 

Fst,  then  remams  constant  for  some  time,  after  which 

rapidly  sinks  to  half  its  original  amount. 

In   Niaudefs  ttement  a  xinc  cylinder  dips   in  a 

llalion  of  common  salt  and  surrounds  a  porous  cell, 

which   is  a  carbon  plate  surrounded  by  pieces  of 

h|Km  ;ind  filled  with  chloride  of  lime,  which  does  not  act  on  the  zinc  even 

HBl  the  circuit  is  closed.     The  electromotive  force  is  f6  that  of  a  Daniell. 

'   S13.    &«el«Aeli£*»     element.  —  This 

Heists   (fig,  718)   of  a  lod   of  carbon, 

placed  in  a  porous  pot^  which  is  then 

tightly  packed  with  a  mixture  of 

rolusite  (peroxide  of  manganese)  and 

graphite  M.    This  is  covered  over 

th  a  layer  of  pitch.    At  the  top  of  the 

i$  soldered  a  mass  of  lead,  L,  to 

lidb  %%  affixed  a  binding  screw.    The 

plate  is  a  rod  of  zinc  Z,  in  which 

focd   a  copper   wire.      The   exciting 

coQSists  of  a  strong  solution  of  s;i!- 

:,  contained  in  a  glass  vessel  C, 

Kch    19  not   more  than  one-third  full. 

electromotive  force  of  the  clement 

•smki    to    be    about   one.third   greater 

tliat  of  a  Daniell' s  clement ;  Us  in* 

resbtatice  varies  of  course  with  the 

1^  bat    is    stated    lo   be  from    two  to 

times  that  of  an  ohm.    The  battery 

fidapted  for  continuous  wi>rk,  as  in 

ihic  circuits,  or  in  ejcctro- 

ftioce  11  soon  becomes  polarised  ; 

ho^rever,  the  valuable   property  of  quickly   regaining   its  oHgiaal 
when  left  at  rc^t,  and  is  extremely  well  adapted  for  discontinuous 
^^adx  as  that  of  electrical  bells. 

rod  of  earboD  A\^i\^  l^  inches  should  have  a  maximum  reststanoe  of 

3^:* 


"^ 


ric.j»» 
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I  ohm  ;  but  good  plates  made  from  the  carbon  of  g^as  retorts  do  not  average 
more  than  0*5,  and  in  some  cases  O'l  ohm.  If  the  resistance  equals  an  ohm, 
the  conducting  power  of  carbon  is  about  0*003  that  of  mercury. 

A  drawback  to  the  use  of  carbon  is  that,  from  its  porosity,  the  exciting 
liquid  rises,  and  forms,  at  the  junction  with  the  binding  screw,  local  cur- 
rents which  injure  or  destroy  contact.  This  may  be  remedied  to  a  very 
great  extent  by  soaking  the  plates  before  use  in  hot  melted  paraffine,  which 
penetrates  into  the  pores,  expelling  the  air.  On  cooling  it  solidifies  and 
prevents  the  capillary  action  mentioned  above.  By  carefully  scraping  the 
paraffine  from  the  outside,  a  surface  is  exposed  which  is  as  good  a  conductor 
as  if  the  pores  were  filled  with  air.  Measurements  have  shown  that  the 
resistance  of  a  rod  thus  prepared  is  not  altered. 

In  a  recent  modification  of  his  element  Leclanch^  dispensed  with  the 
porous  cell,  and  placed  the  carbon  plate  C  between  two  similar  flat  prisms 
made  by  compressing  a  mixture  of  55  parts  of  graphite,  40  parts  of  pyrolusite, 
and  5  parts  of  shellac  in  steel  moulds  at  a  temperature  of  100^  under  a  pressure 
of  300  atmospheres. 

814.  aieotromottve  flMroe  of  dtfrerent  elemeiits. — The  following  nam- 
bers  represent  the  electromotive  force  of  some  of  the  elements  most  frequeotty 
used,  compared  with  that  of  an  ordinary  DanielFs  cell  charged  as  atx>Te 
described  ;  they  are  the  means  of  many  careful  determinations : — 


Daniell's  element  set  up  with  water 

„  „  „    pure  zinc  and  pure  water,  with  pure 

copper  and  pure  saturated  solution 
of  copper  sulphate 

Leclanchd's    „  „     zinc    in   saturated  solution  of  am- 

monium chloride 

Mari^  Davy's 

Bunsen's        „ 

»»  >i 

Grove's  „ 


carbon  in  nitric  acid 
carbon  in  chromic  acid 
platinum  in  nitric  acid 


ixx> 


132 

177 

1-82 


The  greatest  electromotive  force  as  yet  observed  is  by  Beeu  in  a  coopif 
consisting  of  potassium  amalgam  in  caustic  potash,  combined  with  pyrolnaif 
in  a  solution  of  potassium  permanganate.  It  is  three  times  as  much  as  that 
of  a  DanielPs  element. 

The  standard  of  electromotive  force  on  the  C.  G.  S.  system  is  the  !>//. 
This  is  equal  to  1,000,000,000  or  lo**  absolute  electromagnetic  units  roQ- 
The  volt  is  rather  less  than  the  electromotive  force  of  a  Daniell's  cell  the 
mean  value  of  which  may  be  taken  at  ri2  volt.  The  unit  of  current,  frtuf*^ 
is  called  an  Amp}re,  is  the  current  due  to  an  electromotive  force  of  one  tofc 
working  through  a  resistance  of  one  ohm. 

815.  Comparison  of  tlie  voltmlo  battery  wttb  a  fHetioaal  ■liHiH'^ 
maobine. — Except  in  the  case  of  batteries  consisting  of  a  very  large  nom^ 
of  couples,  the  difference  of  potentials  between  the  terminals  is  farntak^'^ 
than  in  frictional  electrical  machines,  and  is  insufficient  to  gix-e  any  «sfbk 
spark.  With  De  la  Rue  and  Miillers  great  battery  the  striking  distance 
between  two  terminals  was  found  to  increase  with  the  potential,  but  for  hijrh 
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potentials  rather  more  rapidly  than  in  direct  ratio.  Thus  while  the  striking 
distance  was  0*012  in.  with  the  potential  due  to  1,200  of  their  cells,  it  was 
0x349  in.  with  4,800  cells,  and  0*133  in.  with  1 1,000  cells. 

In  the  case  of  a  small  battery  or  of  a  single  cell,  very  delicate  tests  are 
required  to  detect  any  signs  of  free  electrification.  But  by  means  of  a  deli- 
cate condensing  electroscope,  and  by  extremely  careful  insulation,  it  can  be 
shown  that  one  pole  possesses  a  positive  and  the  other  a  negative  charge. 
For  this  purpose  one  of  the  plates  of  the  electroscope  is  connected  with 
one  pole,  and  the  other  with  the  other  pole  or  with  the  ground.  The  electro- 
scope thus  becomes  charged,  and  on  breaking  the  connection  electroscopic 
indications  are  observed. 

On  the  other  hand  the  strength  of  current  which  a  voltaic  element  can 
produce  in  a  good  conductor  is  much  greater  than  that  which  can  be  pro- 
duced by  a  machine.  Faraday  immersed  two  wires— one  of  zinc,  and  the 
other  of  platinum,  each  ^  of  an  inch  in  diameter— in  acidulated  water  for  ^ 
of  a  second.  The  effect  thus  produced  on  a  magnetic  needle  in  this  short 
time  was  greater  than  that  produced  by  23  turns  of  the  large  electrical 
machine  of  the  Royal  Institution. 

Nystrom  has  ascertained  by  quantitative  measurements  that  the  potential 
of  the  charge  of  the  cover  of  an  ordinary  electrophorus  is  not  less  than  50^000 
times  as  great  as  the  potential  of  a  Meidinger's  cell  (812) ;  that  is,  that  not 
less  than  50,000  of  those  elements  would  be  required  to  produce  the  same 
potential  as  the  electrophorus.  In  practice,  a  far  greater  number  would  be 
needed,  owing  to  the  difficulty  of  getting  good  insulation. 

816.  AnuUcaauited  sine.  &oeal  enrreats. — Perfectly  pure  distilled 
zinc  is  not  attacked  by  dilute  sulphuric  acid,  but  becomes  so  when  immersed 
in  that  liquid  in  contact  with  a  plate  of  copper  or  of  platinum.  Ordinary 
commercial  zinc,  on  the  contrary,  is  rapidly  dissolved  by  dilute  acid.  This, 
doubtless,  arises  from  the  impurity  of  the  zinc,  which  always  contains  traces 
cither  of  iron  or  lead.  Being  electronegative  towards  zinc,  they  tend  to  pro- 
duce iocal  electrical  currents^  which  accelerate  the  chemical  action  without 
increasing  the  quantity  of  electricity  in  the  connecting  wire. 

Zinc,  when  amalgamated,  acquires  the  properties  of  perfectly  pure  zinc, 
^od  is  unaltered  by  dilute  acid,  so  long  as  it  is  not  in  contact  with  a  copper 
Or  platinum  plate  immersed  in  the  same  liquid.  To  amalgamate  a  zinc  plate, 
it  is  first  immersed  in  dilute  sulphuric  or  hydrochloric  acid  so  as  to  obtain  a 
clean  surface,  and  then  a  drop  of  mercury  is  placed  on  the  plate  and  spread 
Over  it  with  a  brush.  The  amalgamation  takes  place  immediately,  and  the 
plate  has  the  brilliant  aspect  of  mercury.  Zinc  as  well  as  other  metals  are 
readily  amalgamated  by  dipping  them  in  an  amalgam  of  one  part  sodium 
^ad  300  parts  of  mercury.  Zinc  plates  may  also  be  amalgamated  by  dipping 
them  in  a  solution  of  mercury  prepared  by  dissolving  one  pound  of  mercury 
iQ  five  pounds  of  aqua  regia  (one  part  of  nitric  to  three  of  hydrochloric  acid;, 
%nd  then  adding  five  parts  more  of  hydrochloric  acid. 

The  amalgamation  of  the  zinc  removes  from  lib  surface  all  the  impurities, 
especially  the  iron.  The  mercury  effects  a  solution  of  pure  zinc,  which  covers 
the  surface  of  the  plate,  as  with  a  liquid  layer.  The  i>rocess  was  first  applied 
to  electrical  batteries  by  Kemp.  .Amalgamated  zinc  is  not  attacked  so  long 
U  the  circuit  is  not  closed — that  is,  when  there  is  no  current ;  when  closed 
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the  current  is  more  regular,  and  at  the  same  time  stronger,  for  the  same 
quantity  of  metal  dissolved. 

817,  llrsr  piles. — In  dry  piles  the  liquid  is  replaced  by  a  solid  hygromctric 
substance,  such  as  paper  or  leather.  They  are  of  various  kinds  ;  in  Zambooi's, 
which  is  most  extensively  used,  the  electromotors  are  tin  or  silver,  and  bin- 
oxide  of  manganese.  To  construct  one  of  these  a  piece  of  paper  silvered  or 
tinned  on  one  side  is  taken  ;  the  other  side  of  the  paper  is  coated  with  finely* 
powdered  binoxide  of  manganese  by  slightly  moistening  it,  and  nibbing  the 
powder  on  with  a  cork.  Having  placed  together  seven  or  eight  of  these 
sheets,  they  are  cut  by  means  of  a  punch  into  discs  an  inch  in  diameter. 
These  discs  are  then  arranged  in  the  same  order,  so  that  the  tin  or  silver  of 
each  disc  is  in  contact  with  the  manganese  of  the  next.  Having  piled  up  1,300 
or  1,800  couples,  they  are  placed  in  a  glass  tube,  which  is  provided  with  i 
brass  cap  at  each  end.  In  each  cap  there  is  a  rod  and  knob,  by  wfaidi  the 
leaves  can  be  pressed  together,  so  as  to  produce  better  contact.  The  knob 
in  contact  with  the  manganese  corresponds  to  the  positive  pole,  while  thit 
at  the  other  end,  which  is  in  contact  with  the  silver  or  tin,  is  the  negatitt 
pole.      ^ 

Dry  piles  are  remarkable  for  the  permanence  of  their  action,  which  majr 
continue  for  several  years.  Their  action  depends  greatly  on  the  tempciatoit 
and  on  the  hygromctric  state  of  the  air.  It  is  stronger  in  sununer  than  is 
winter,  and  the  action  of  a  strong  heat  revives  it  when  it  appears  extinct  A 
Zamboni's  pile  of  2,000  couples  gives  neither  shock  nor  spark,  butcanchafge 
a  Leyden  jar  and  other  condensers.  A  certain  lime  is,  however,  necessary, 
for  electricity  only  moves  slowly  in  the  interior. 

818.  SolmeBbercer's  ele<ytrosoope. — Bohnenberger  constructed  adi}* 
pile  electroscope  of  great  delicacy.  It  is  a  condensing  electroscope  (fig.  679^ 
from  the  rod  of  which  is  suspended  a  single  gold  leaf.  This  is  at  an  equal 
distance  from  the  opposite  poles  of  two  dry  piles  placed  vertically,  inside  the 
bell  jar,  on  the  plate  of  the  apparatus.  As  soon  as  the  gold  leaf  possesses 
any  free  electricity  it  is  attracted  by  one  of  the  poles  and  repelled  b>'  the 
other,  and  its  electricity  is  obviously  contrary  to  that  of  the  pole  tcnrards 
which  it  moves. 
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CHAPTER  II. 

DETECTION  AND  MEASUREMENT  OF  VOLTAIC  CURRENTS. 


819.  Bsteatten  aad  nMMu«iiieiit  of  TOltaie  ourents. — The  remark- 
ible  phenomena  of  the  voltaic  battery  may  be  classed  under  the  heads  phy- 
lioloigical,  chemical,  mechanical,  and  physical  effects ;  and  these  latter  may 
be  again  subdivided  into  the  thermal,  luminous,  and  magnetic  effects.  For 
uceitaining  the  existence  and  measuring  the  strength  of  voltaic  currents, 
the  magnetic  effects  are  more  suitable  than  any  of  the  others,  and,  accord- 
ingly, the  fundamental  magnetic  phenomena  will  be  described  here,  and  the 
description  of  the  rest  postponed  to  a  special  chapter  on  electro-magnetism. 

820.  Oersted's  exyerlment. — Oersted  published  in  18 19  a  discovery 
irhich  connected  magnetism  and  electricity  in  a  most  intimate  manner,  and 
became,  in  the  hands  of  Ampere  and  of  Faraday,  the  source  of  a  new  branch 
9f  physics.  The  fact  discovered  by  Oersted  is  the  directive  action  which  a 
fixed  current  exerts  at  a  distance  on  a  magnetic  needle. 

To  make  this  experiment  a  copper  wire  is  suspended  horizontally  in  the 
direction  of  the  magnetic  meridian  over 
ft  movable  magnetic  needle,  as  repre- 
leoted  in  fig.  719.  So  long  as  the  wire 
is  not  traversed  by  a  current,  the  needle 
remains  parallel  to  it ;  but  as  soon  as 
the  ends  of  the  wire  are  respectively 
connected  with  the  poles  of  a  battery 
or  of  a  single  element,  the  needle  is  de- 
HtcUdy  and  tends  to  take  a  position 
which  is  the  more  nearly  at  right  angles 
to  the  magnetic  meridiem  in  proportion 
as  the  current  is  stronger,  *"  '**•  '"^• 

In  reference  to  the  direction  in  which  the  poles  are  deflected,  there  are 
several  cases  which  may,  however,  be  referred  to  a  single  principle.  Re- 
nembering  our  assumption  as  to  the  direction  of  the  current  in  the  con- 
necting wire  (803)  the  preceding  experiment  presents  the  following  four 


L  If  the  current  passes  above  the  needle,  and  goes  from  south  to  north, 
the  north  pole  of  the  magnet  is  deflected  towards  the  west ;  this  arrangement 
is  represented  in  the  above  figure. 

ii.  If  the  current  passes  below  the  needle,  also  from  south  to  north,  the 
tKHih  pole  is  deflected  towards  the  east. 

iii.  When  the  current  passes  above  the  needle,  but  from  north  to  south, 
(he  north  pole  b  deflected  towards  the  east. 
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iv.  Lastly,  the  deflection  is  towards  the  west  when  the  cnrrent  goes  from 
north  to  south  below  the  needle. 

Ampere  has  given  the  following  numariatecknica  by  which  all  the  various 
directions  of  the  needle  under  the  influence  of  a  current  may  be  remembered 
If  we  imagine  an  observer  placed  in  the  connecting  wire  in  such  a  maimer 
that  the  current  entering  by  his  feet  issues  by  his  head,  and  that  his  £mx  is 
always  turned  towards  the  needle,  we  shall  see  that  in  the  above  fcxir  posi- 
tions the  north  pole  is  always  deflected  towards  the  left  of  the  obsen-er.  By 
thus  personifying  the  current,  the  different  cases  may  be  comprised  m  this 
general  principle  :  In  the  directive  fiction  of  currents  on  magmetSj  the  noftk 
pole  is  a/ways  deflected  towards  the  left  of  the  current. 

821.  Oalvanometer  or  multiplier. — The  name  geUvanamuter^  or  sook> 
times  multiplier  or  rheometer^  is  given  to  a  very  delicate  apparatus  by  which 
the  existence,  direction,  and  intensity  of  currents  may  be  determined.  It 
was  invented  by  Schweigger  a  short  time  after  Oersted's  discovery. 

In  order  to  understand  its  principle,  let  us  suppose  a  magnetic  needle 
suspended  by  a  filament  of  silk  (fig.  720),  and  surrounded  in  the  plane  of  the 


Fig.  720. 


Fig.  Ti^. 


magnetic  meridian  by  a  copper  wire,  mnopq^  forming  a  complete  circuit 
round  the  needle  in  the  direction  of  its  length.  When  this  wire  is  traversed 
by  a  current,  it  follows,  from  what  has  been  said  in  the  previous  paragraph, 
that  in  every  part  of  the  circuit  an  observer  lying  in  the  wire  in  the  directiofl 
of  the  arrows,  and  looking  at  the  needle  ctb^  would  have  his  left  always  tun»ed 
towards  the  same  point  of  the  horizon,  and  consequently,  that  the  aaioo  o( 
the  current  in  every  part  would  tend  to  turn  the  north  pole  in  the  same 
direction  ;  that  is  to  say,  that  the  actions  of  the  four  branches  of  the  drcuc 
concur  10  give  the  north  pole  the  same  direction.  By  coiling  the  coppff 
wire  in  the  direction  of  the  needle,  as  represented  in  the  figure,  the  actio" 
of  the  current  has  been  multiplied.  If,  instead  of  a  single  one,  there  are 
several  circuits,  provided  they  are  insulated,  the  action  becomes  still  votxi 
multiplied,  and  the  deflection  of  the  needle  increases.  Ne\erthelcss,  the 
action  of  the  current  cannot  be  multiplied  indefinitely  by  increasing  the 
number  of  windings,  for,  as  we  shall  presently  see*  the  strength  of  a  cuireai 
diminishes  as  the  length  of  the  circuit  is  increased. 

As  the  directive  action  of  the  earth  continually  tends  to  keep  the  needk 
in  the  magnetic  meridian,  and  thus  opposes  the  action  of  the  current,  the 
-^flfect  of  the  latter  is  increased  by  using  an  astatic  s>'stem  of  two  netdks* 
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as  shown  in  fig.  731.  The  action  of  the  earth  on  the  needle  is  then  very 
ieeble,  and,  further,  the  actions  of  the  current  on  the  two  needles  become 
acxumulated.  In  fact,  the  action  of  the  circuity  from  the  direction  of  ihc 
coiTcnl  indicated  by  the  arrows,  tends  to  deflect  the  norlh  poie  of  the  lower 
needle  towards  the  west.  The  upper  needle  a*b\  is  subjected  to  the  action 
of  two  contrary  currents,  no  and  qp^  but  as  the  first  is  nearer,  its  action  pre- 
ponderates. Now  this  current  passing  below  the  needle,  evidently  tends  to 
lum  the  pole  a'  towards  the  east,  and,  consequently,  the  pole  b'  towards  the 
west ;  that  is  to  say,  in  the  same  direction  as  the  pole  a  of  the  other  needle. 
From  these  principles  it  will  be  easy  to  understand  the  action  of  the 

^#Vr.     The  apparatus  represented  in  fig.  722  consrsts  of  a  thick  brass 

D,  resting  on  levelling 


on  this  is  a  rotating 
plauie^  P,  of  the  same  metal, 
to  «^liich  is  fixed  a  copiaer 
frajne,  the  breadth  of  svhich 
it  nlmost  equal  to  the  length 
of  the  needles*  On  this  is 
culled  a  great  number  of 
turns  of  wire  covered  with 
siJk.  The  two  ends  tcnninate 
io  binding  screws,  /  and  o. 
Above  the  frame  is  a  gradu^ 
ated  circle,  C,  with  a  central 
ilit  fMU^Uel  to  the  direction 
in  which  the  wire  is  coiled* 
The  lero  corresponds  to  the 
posilion  of  this  slit,  and  there 
«re  two  graduations  on  the 
«aik^  the  one  on  the  right 
and  the  other  on  the  left  of 
jrrov  ^"f  ^l^cy  only  extend  to 
By  means  of  a  \  cry  fine 
at  of  silk,  an  astatic 
i  %%  suspended  ;  it  con- 
of  two  needles  ab  and 
one  above  the  scale, 
;  the  other  within  the  dr- 
KsaiSL  ifsclf.     These  needles, 

%lkkii  afie  joined  together  by  a  copper  wire,  like  those  in  tig*  608  and  fig. 
7St«  sum!  cannot  move  separ:atcly«  mtist  not  have  exactly  the  same  magnetic 
for  if  they  arc  exactly  equal,  every  current,  strong  or  weak,  would 
\  fittt  them  at  right  angles  with  itself. 
la  tMing  this  instrumeni  the  diameter,  to  which  corresponds  the  xero  of 
Hia  ipaduation,  is  brought  into  the  magnetic  meridian  by  turning  the  plate 
i^  iiatU  the  end  of  the  needle  ab  corresponds  to  xcro.  The  instrument  is 
^aad  tfi  this  position  by  means  of  the  screw-clamp  T. 

Tbe  length  and  diameter  of  the  wire  vary  with  the  purpose  for  which  the 
^afvaiKMncteT  is  intended.     For  one  which  is  to  be  u»ed  in  observing  the 
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currents  due  to  chemical  actions,  a  wire  about  \  millimetre  in  diameter,  and 
making  about  Soo  turns,  is  well  adapted.  Those  for  thermo-electric  concnts, 
which  have  low  intensity,  require  a  thicker  and  shorter  wire  ;  for  exanple, 
thirty  turns  of  a  wire  %  millimetre  in  diameter.  For  very  delicate  experi- 
ments, as  in  physiological  investigations,  galvanometers  with  as  many  as 
30^000  turns  have  been  used. 

By  means  of  a  delicate  galvanometer  consisting  of  2,000  or  3,000  tnns 
of  fine  wire,  the  coils  of  which  are  carefully  insulated  by  means  of  silk  and 
shellac,  currents  of  high  potential,  as  those  of  the  electrical  machine  (791) 
may  be  shown.  One  end  of  the  galvanometer  is  connected  with  the  con- 
ductor, and  the  other  with  the  ground,  and  on  working  the  machine  the 
needle  is  deflected,  affording  thus  an  illustration  of  the  identity  of  stadol 
with  dynamical  electricity. 

The  deflection  of  the  needle  increases  with  the  strength  of  the  current ; 
the  relation  between  the  two  is,  however,  so  complex,  that  it  cannot  wdl 
be  deduced  from  theoretical  considerations,  but  requires  to  be  detennined 
experimentally  for  each  instrument.  And  in  the  majority  of  cases  the  in- 
strument is  used  as  a  galvanoscope  or  rheoscope — that  is,  to  ascertain  rather 
the  presence  and  direction  of  currents — than  as  ^  gcUvanometer  ox  rkeowuUr 
in  the  strict  sense ;  that  is,  as  a  measurer  of  their  intensity.  The  tefn 
galvanometer  is,  however,  commonly  used. 

The  differential  galvanoffieter  consists  of  a  needle,  as  in  an  ofdinaiy 
galvanometer,  but  round  the  frame  of  which  are  coiled  two  wires  of  the  sane 
kind  and  dimensions,  carefully  insulated  from  each  other,  and  provided  vith 
suitable  binding  screws,  so  that  separate  currents  can  be  passed  throogh 
each  of  them.  If  the  currents  are  of  the  same  strength  but  in  different  direc- 
tions, no  deflection  is  produced ;  where  the  needle  is  deflected  one  of  the 
currents  differs  from  the  other.  Hence  the  apparatus  is  used  to  ascertain* 
difference  in  strength  of  two  currents,  and  to  this  it  owes  its  name. 

When  a  current  is  passed  through  a  galvanometer,  the  needle  does  no( 
usually  at  once  attain  its  final  position  of  equilibrium,  but  oscillates  about  thi> 
position,  which  in  observations  causes  much  loss  of  time.  These  oscilUtidto 
are  damped  partly  by  surrounding  the  needle  by  thick  masses  of  copper,  the 
effect  of  which  will  be  afterwards  explained  (905),  and  partly  by  increasing  the 
magnetisation  of  the  needle.  Galvanometers  in  which  the  needle  acquires  ^ 
once  thisftnal  deflection  are  known  as  aperiodic ^ox  dead-beeU galvanemikr^' 

When  a  current  of  very  small  duration  is  passed  through  a  galvanonKter, 
a  momentary  deflection  or  swing  of  the  needle  will  be  produced.  The 
product  of  a  constant  into  the  sine  of  half  the  angle  of  the  first  swing  is  then 
a  measure  of  the  strength  of  the  current,  so  that  if  momenury  currents  o< 
different  strengths  are  passed  through  one  and  the  same  galvanometer  they 
will  be  measured  by  the  sines  of  the  corresponding  angles  of  deilcctioo  ^ 
swings,  or  by  the  angles  themselves  where  these  are  smalL  This  is  bw** 
as  the  ballistic  method  q{  measuring  currents,  and  the  galvanometers  ada|<«^ 
for  the  purpose  are  knoun  as  ballistic  galvanometers, 

822.  Sir  IV.  TliomsoB*s  marine  ffalTuioiiMtor. — In  laying  submsno^ 
cables  the  want  was  felt  of  a  galvanometer  sufficiently  sensitive  to  test  ins«i* 
tion,  which  at  the  same  time  was  not  affected  by  the  pitching  and  rolling  o(ihc 
ship.    For  this  purpose,  Sir  W.  Thomson  invented  his  marine  galvanoine»- 
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B  (fig,  11^)  represents  a  coil  of  many  thousand  turns  of  tbe  finest  copper  wire, 
carefully  insulated  throughout,  terminating  in  the  binding  screws,  EE,  In 
the  centre  of  this  coil  is  a  slide,  which  carries  the  magnet,  the  arrangement  of 
which  is  represented  on  a  larger  scale  in  D.  The  magnet  itself  is  made  of  a 
piece  of  fine  watch-spring  about  J  of  an  inch  m  length,  and  does  not  weigh 
more  than  a  grain ;  it  is  attached  to  a  small  and  very  slightly  concave  mirror 
of  very  thin  silvered  glass.  A  single  fibre  of  silk  is  stretched  across  the  slide, 
and  the  mirror  and  magnet  are  attached  to  it  in  such  a  manner  that  the 
fibv^  passes  exactly  through  the  centre  of  gravity  in  ever>^  position.  As  the 
mifTor  and  magnet  weigh  only  a  few  grains,  they  retain  their  position  rela- 
tively to  the  instrument,  however  the  ship  may  pitch  and  roll.  The  slide  fits  in 
a  groove  in  the  coil,  and  the  whole  is  enclosed  within  a  wrought-iron  case 
with  an  aperture  in  front  and  a  wrought-iron  lid  on  the  top.     The  object  of 
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thb  i^  to  counteract  the  influence  of  terrestrial  magnetism  when  tlie  ship 
changc^i  its  course. 

Underneath  the  coil  is  a  large  curved  steel  magnet  N,  which  compensates 

tlie  eanh*s  directive  action  upon  the  magnet  D  (700) ;  and  in  the  side  of  the 

dACf  and  on  a  le\'e1  with  O,  a  pair  of  magnets,  C,  are  placed  with  opposite 

poiea  together.    By  a  screw,  suitably  adjusted,  the  poles  of  the  magnets  maj 

te  bfouglit  together;  in  which  case  they  quite  neutralise  each  other,  and  thu^ 

\  no  action  on  the  suspended  magnet,  or  they  may  be  slid  apart  from 

crtber  in  such  a  manner  that  the  action  of  either  pole  on  D  prepon- 

yts^  to  any  desired  extent.     This  small  magnet  is  thus  capable  of  ver^ 

t  adjustment*     llic  large  magnet  N,  and  the  pair  of  magnets,  C,  are 

yjotis  to  the  coarse  and  fine  adjustment  of  a  microscope, 
a  distanoe  of  about  three  feet,  there  is  a  scale  with  the  zero  in  the 
and  the  graduation  extending  on  each  side.     Underneath  this  vtro 
is  a  narrow  slit^  through  which  passes  the  light  of  a  parafTine  lamp,  and 
irllJclu  traversing  the  window,  is  reflected  from  the  curved  mirror  against  the 
Itcd  scale.     By  means  of  the  adjusting  magnets  the  image  of  the  slit 
to  ^11  on  the  centre  of  the  graduation. 
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This  being  the  case,  if  any  arrangement  for  producing  a  current,  however 
weak,  be  connected  with  the  terminal,  the  spot  of  light  is  deflected  either  to 
one  side  or  the  other,  according  to  the  direction  of  the  current ;  the  stronger 
the  current  the  greater  the  deflection  of  the  spot ;  and  if  the  current  remains 
of  constant  strength  for  any  length  of  time,  the  spot  is  stationary  in  a  cor- 
responding position. 

The  movement,  on  a  screen,  of  a  spot  of  light  reflected  from  a  body,  is  the 
most  delicate  and  convenient  means  of  observing  motions  which  of  them- 
selves are  too  small  for  direct  measurement  or  observation.  Hence  this 
principle  is  frequently  applied  in  experimental  investigations  and  in  lecture 
illustrations  (522).  It  is  used  in  observing  the  motion  of  oscillating  bodies, 
in  measuring  the  variations  of  magnetism,  in  determining  the  expansion  of 
solids,  &c. 

It  will  be  seen  from  the  article  on  the  Electric  Telegraph,  how  alter- 
nate deflections  of  the  spot  of  light  may  be  utilised  in  forming  a  code  of 
signals. 

823.  Tanffent  oompass*  or  tanvent  ralTanameter. — When  a  magnetic 
needle  is  suspended  in  the  centre  of  a  voltaic  current  in  the  plane  of  the 
magnetic  meridian,  it  can  be  proved  that  the  strength  of  a  current  u  directly 

proportional  to  the  tangent  of  the 
angle  of  deflection,  provided  the 
dimensions  of  the  needle  are  suffi- 
ciently small  as  compared  with  the 
diameter  of  the  circuit  An  instru- 
ment based  on  this  principle  is 
called  the  tangent  galvanomtUr^ 
tangent  compass.  It  consists  of  a 
copper  ring,  12  inches  in  diameter 
(fig.  724),  and  about  an  inch  iQ 
breadth,  mounted  vertically  00  i 
stand  ;  the  lower  half  of  the  ring  is 
generally  fitted  in  a  semicircular 
frame  of  wood  to  keep  it  steady.  In 
the  centre  of  the  ring  is  suspended 
a  delicate  magnetic  needle,  whose 
length  must  not  exceed  l^  or  {},  ^ 
the  diameter  of  the  circle.  Under- 
neath the  needle  there  is  a  graduated 
circle.  The  ends  of  the  ring  are  prolonged  in  copper  wires,  fitted  with 
mercury  cups,  ab^  by  which  it  can  be  connected  with  a  batter>-  or  elemen' 
The  circle  is  placed  in  the  plane  of  the  magnetic  meridian,  and  the  deflection 
of  the  needle  is  directly  read  off  on  the  circle,  and  its  corresponding  value 
obtained  from  a  table  of  tangents. 

On  account  of  its  small  resistance,  the  tangent  galvanometer  is  »^ 
adapted  for  currents  of  low  potential,  but  in  which  a  considerable  quanut? 
of  electricity  is  set  in  motion. 

To  prove  that  the  intensities  of  various  currents  are  proportional  to  the 
tangents  of  the  corresponding  angles  of  deflection,  let  NS,  fii;.  725,  rcpresen* 
the  wire  of  the  galvanometer  and  ns  the  needle,  and  let  <^  be  the  .:ni!ie  of 
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deflection  produced  when  a  current  C  is  passed.  Two  forces  now  act  upon 
the  needle — ^the  force  of  the  earth's  magnetism,  which  we  will  denote  by  H, 
which  tends  to  place  the  needle  in  the  magnetic  meridian,  and  the  strength 
of  the  ciurent  C,  which  strives  to  place  it  at  right  angles  to  the  magnetic 
meridian.  Let  the  magnitudes  of  these  forces  be  represented  by  the  corre- 
sponding lines  an  and  bn.  Now  the  whole  intensities  of  these  forces  do  not 
act  so  as  to  turn  the  point  of  the  needle  round,  but  only  those  components 
which  are  at  right  angles  to  the  needle.  Resolving  them,  we  have  ng  and  nf 
as  the  forces  acting  in  opposite  directions  on  the  needle  ;  and  since  the 
needle  is  at  rest  these  forces  must  be  equal. 

The  angle  nag  is  equal  to  the  angle  ^,  and  therefore  #f^-  on  sin  ^  ;  and 
in  like  manner  the  an|^e  bnf\%  equal  to  ^  and  nf^bn  cos  ^  ;  and  therefore 

since  nf^  ng^  bn  cos  ^ » o/f  sin  ^,  or  bn^an  ^^^  ^  *  ^^  ^^^  ^  >  ^^^^  ^^^ 

C-Htan<^. 

If  any  other  current  be  passed  through  the  galvanometer  we  shall  have 
similarly  C^  -  H  tan  ^^ ;  and  since  the  earth's  magnetism  does  not  appreciably 
alter  in  one  and  the  same  place  C  :  C^-  tan  ^  :  tan  ^'. 

In  this  reasoning  it  has  been  assumed  that  the  action  of  the  current  on 
the  needle  is  the  same  whatever  be  the  angle  by  which  it  is  deflected.  This 
is  only  the  case  when  the  dimensions  of  the  needle  are 
small  compared  with  the  diameter  of  the  ring  :  it  should 
not  be  more  than  ^  or  ^  the  diameter.  In  order  to  measure 
with  accuracy  the  deflection  a  light  index  is  placed  at 
right  angles  to  the  needle. 

Wiedemanfis  tangent  galvanometer  consists  of  a  short 
thick  copper  tube,  in  which  is  suspended,  instead  of  a 
needle,  a  thin  piece  of  soft  iron,  silvered  on  one  side  so  as 
to  act  as  a  mirror,  the  position  of  which  can  be  observed 
by  a  microscope  and  scale  (522).  On  each  side  of  the 
copper  tube,  and  sliding  in  grooves,  are  coils  of  wire  which 
can  be  pushed  over  the  tube.  By  this  lateral  arrangement 
of  the  current  in  reference  to'  the  magnetic  needle,  the 
error  of  the  tangent  galvanometer  is  diminished ;  for 
when  the  needle  is  deflected,  though  one  end  moves  away 
from  the  current,  the  other  approaches  it. 

In  the  tangent  galvanometer  of  Helmholtz  and  of  Gaugain  the  wires  are 
coiled  on  the  surface  of  a  cone  the  angle  of  which  is  120^,  and  the  point  on 
which  the  needle  works  is  placed  in  the  position  of  the  corresponding  apex 
of  the  cone  :  the  law  of  the  tangent  holds  then  even  with  longer  needles,  and 
especially  if  the  wire  is  divided  between  two  such  cones,  one  on  opposite 
sides  of  the  needle. 

If  the  ring  of  the  tangent  galvanometer  is  so  constructed  that  it  can  turn 
about  its  axis,  which  is  in  the  magnetic  meridian,  the  action  of  the  current 
on  the  needle  is  inversely  proportional  to  the  cosine  of  the  angle  B^  through 
which  the  ring  is  turned.  Hence  by  increasing  ^,  the  action  of  any  current 
on  the  needle  may  be  made  as  small  as  we  please. 

824.  SiBO  vmlTanometer. — This  is  another  form  of  galvanometer  for 
measuring  powerful  currents.     Round  the  circular  frame  M  (fig.  726),  several 
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turns  of  stout  insulated  copper  wire  are  coiled,  the  two  ends  of  niiicll,  i, 
terminate  on  the  binding  screws  at  E.    On  a  table  in  the  cexktre  of  the  nag 

there  is  a  magnetic  needle,  ai ; 
a  second  light  nec^' 
the  first,  serves  as  ,  ■■  ^ 

the  graduated  circle  >*.  Tw 
copper  wires,  a,  ^,  from  the 
sources  of  electricity  to  be  id**- 
sured,  are  connected  with  E 
The  circles  M  and  N  an 
supported  on  a  foot  O,  whkfc 
can  move  about  a  vertical  aai 
passing  through  the  centre  flf  J 
fixed  horizontal  circle  H* 

The  circle  M  beinic  tb<f 
placed  in  the  tnagnetic  toendiiD. 
and  therefore  in  the  same  |iiiBC 
as  the  needle,  the  currcfil  o 
allowed  to  pass.  The  nccdk 
being  deflected,  the  circuit  M  if 
turned  until  it  coincides  withtk 
vertical  plane  passing  ibnn<i» 
the  magnetic  needle  m.  TW 
directive  action  of  the  oirreili* 
now  exerted  perpendicabotf  ^ 
the  direction  of  the 
needle,  and  it  may  be 
that  the  strength  ot  the  current  is  proportional  to  the  sine  of  the  aa|k  d 
deflection  :  this  angle  is  measured  on  the  circle  H  by  means  of  a  vemicrao 
the  piece  C  This  piece  C,  fixed  to  the  foot  O,  turns  it  by  means  of  t  Im^ 
A.     This  angle  of  deflection,  and  hence  its  sine,  being  known,  the  ia 

of  the  current  may  be  thus  deduced  :  let  m^  ^ 
the  direction  of  the  magnetic  meridian,  ^theiifft' 
of  deflection,  C  the  strength  of  the  currcnl,  $sbA  H 
the  directive  action  of  the  earth.  If  the  difwsae 
and  intensity  of  this  latter  force  be  repiestotcd  by 
iU\  it  may  be  replaced  by  two  campoiiQnl*»  <*  ^ 
lu:  (fig.  727).  Now,  as  the  first  has 
action  on  the  needle,  the  component  m 
counterpoise  the  force  C  ;  that  i&,  C  «•  4^  B«i  • 
the  triangle  iii%  ot^aJt  cos  r^fifr,  from  which  ^^f*^ 
sin  d,  for  the  angle  caJt  is  the  coo^ileaMBI  dtM 
angle  d^  and  aJ^  is  equal  to  H  ;  hence,  lftStlf«C*H 
sin  d,  which  was  to  be  proved  la  like  wmomb  If 
any  other  current  C,  which  produces  a  deteo* 
^,  we  shall  have  C  -  H  sin  <f  ,  whence  C  :  C  -  sin  */ :  sin  ^, 

825.  O tun's  law-— For  a  knowledge  of  the  conditions  wV^  **    r^--M 
the  action  of  the  voltaic  current,  science  is  indebted  to  the  l*^  ^ 

His  results  were  at  first  deduced  from  theoretical  considefmtK^>  .  ^  -  ^ 
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wn  researches  as  well  as  by  those  of  Fechner,  Pouillet,  Daniell,  De  la 
Wbeatstone,  and  others^  they  have  received  the  fullest  confirmation, 
heir  great  theoretical  and  practical  importance  has  been  liilly  estab- 
L 

The  force  or  cause  by  which  electricity  is  set  in  motion  in  the  voltuc 
it  is  called  the  electromotive  force.  The  quantity  of  electricity  which  in 
mit  of  time  flows  through  a  section  of  the  circuit  is  called  the  intensity^ 
srhaps  better,  the  strength  of  the  current.  Ohm  found  that  this  strength 
\  same  in  all  parts  of  one  and  the  same  circuit,  however  heterogeneous 
were ;  one  and  the  same  magnetic  needle  is  deflected  to  the  same 
(t  over  whatever  part  of  the  circuit  it  is  suspended;  and  the  same 
meter,  wherever  interposed  in  the  circuit,  indicates  the  same  disengage- 
of  gas  ;  he  also  found  that  the  strength  is  proportional  to  the  electro- 
de force. 

:  has  further  been  found  that  when  the  current  from  the  same  couple 
ssed  respectively  through  a  short  and  through  a  long  wire  of  the  same 
rial,  its  action  on  the  magnetic  needle  is  less  in  the  latter  case  than  in 
Miner.  Ohm  accordingly  supposed  that  in  the  latter  case  there  was  a 
:er  resistance  to  the  passage  of  the  current  than  in  the  former ;  and  he 
sd  that  *  the  resistance  is  inversely  proportional  to  the  strength  of  the 

mt: 

\n  these  principles  Ohm  founded  the  celebrated  law  which  bears  his 
»,  that  the  strength  of  the  current  is  equal  to  the  electromotive  force 
led  by  the  resistance. 
Tiis  is  expressed  by  the  simple  formula 

c  C  is  the  strength  of  the  current,  E  the  electromotive  force,  and  R  the 
tance. 

.  The  resistance  of  a  conductor  depends  on  three  elements  :  its  conduc- 
f,  which  is  a  constant,  determined  for  each  conductor  ;  its  section  ;  and 
*ngth.  The  resistance  is  obviously  inversely  proportional  to  the  conduc- 
f  ;  that  is,  the  less  the  conducting  power  the  greater  the  resistance.  It 
been  proved  that  the  resistance  is  inversely  as  the  section  and  directly 
e  length  of  a  conductor.  If  then  #c  is  the  conducti\-ity,  od  the  section,  and  X 
ength  of  a  conductor,  we  have 

R.  ^-andC-f-^; 

Km  A  A 

KM 

is,  the  strength  of  a  current  is  inversely  proportional  to  the  length  of  t lie 
luctor  and  directly  proportional  to  its  section  and  conductivity, 
iL  In  a  voltaic  battery  composed  of  diflfercnt  elements,  the  strength  of 
current  is  equal  to  the  sum  of  the  electromotive  forces  of  all  the  elements 
led  by  the  sum  of  the  resistances.  Usually,  however,  a  battery  is  com- 
id  of  elements  of  the  same  kind,  each  having,  in  intention  at  least,  the 
e  electromotive  force  and  the  same  resistance. 

n  an  ordinary  element  there  are  essentially  two  resistances  to  be  con- 
red  :  I.  That  offered  by  the  liquid  conductor  between  the  two  plates. 
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which  is  frequently  called  the  interned  or  essential  resistance ;  and  2.  That 
offered  by  the  interpolar  conductor  which  connects  the  two  plates  outside  the 
liquid  ;  this  conductor  may  consist  either  wholly  of  metal,  or  may  be  partly  of 
metal  and  partly  of  liquids  to  be  decomposed :  it  is  the  external  ox  nan-essential 
resistance.    Calling  the  former  R  and  the  latter  r,  Ohm's  formula  becomes 


C- 


R  +  r 


iv.  If  any  number,  if,  of  similar  elements  are  joined  together,  there  is  n 
times  the  electromotive  force,  but  at  the  same  time  n  times  the   internal 

resistance,  and  the  formula  becomes-- If  the  resistance  in  the  micr- 

«R  +  r 

polar,  r,  is  very  small — which  is  the  case,  for  mstance,  when  it  is  a  shon, 

thick  copper  wire — it  may  be  neglected  in  comparison  with  the  internal 

resistance,  and  then  we  have 

P    «E     E 

^"«r"r'' 

that  is,  a  battery  consisting  of  several  elements  produces  in  this  case  no 

greater  effect  than  a  single  element. 

V.  If,  however,  the  external  resistance  is  very  great,  as  when  the  current 

has  to  produce  the  electric  light,  or  to  work  a  long  telegraphic  circuit,  ad\-an- 

tage  is  gained  by  using  a  large  number  of  elements,  for  then  we  have  the 

formula 

^       «E 
L  « -^      -• 
nK-^r 

If  r  is  very  great  as  compared  with  «R,  the  latter  may  be  neglected,  and  the 
expression  becomes 

r    ^^  . 
V,  =3  —  ; 

r 

that  is,  that  the  strength,  within  certain  limits,  is  proportional  to  the  number 
of  elements. 

Inathermo  electric  pile,  which  consists  of  very  short  metallic  conduaors. 
the  internal  resistance  R  is  so  small  that  it  may  be  neglected,  and  ibe 
strength  is  inversely  as  the  length  of  the  connecting  wire. 

vi.  If  the  plates  of  an  element  be  made  m  times  as  large,  there  is  no 
increase  in  the  electromotive  force,  for  this  depends  on  the  nature  of  the 
metals  and  of  the  liquid  (802) ;  but  the  resistance  is  m  times  as  small,  for  the 
section  is  m  times  larger  :  the  expression  becomes  then 

P  _    E    ^     wE 

R         K  +  mr ' 

+  r 
m 

Hence,  an  increase  in  the  size  of  the  plate — or,  what  is  the  same  thinj,i 
decrease  in  the  internal  resistance— does  not  increase  the  strength  to  an  in 
definite  extent ;  for  ultimately  the  resistance  of  the  clement  R  \-anishe5  c 
comparison  with  the  resistance  r,  and  the  strength  continually  approximate* 

to  the  value  C--. 

r 


^u\ 
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vii.  Ohm's  law  enables  us  to  arrange  a  battery  so  as  to  obtain  the  greatest 
[fleet  in  any  given  case.  For  instance,  with  a  battery  of  six  elements  there 
le  the  following  four' ways  of  arranging  them  : — i.  In  a  single  series  (fig. 
28),  in  which  the  zinc  Z  of  one  element  is  united  with  the  copper  C  of  the 
econd,  the  zinc  of  this  with  the  copper  of  the  third,  and  so  on.  2.  Arranged 
1  a  system  of  three  double  elements,  each  element  being  formed  by  joining 
pro  of  the  former  {^%,  729).  3.  In  a  system  of  two  elements,  each  of  which 
onsists  of  three  of  the  original  elements  joined,  so  as  to  form  one  of  triple 


be  surface  (fig.  730).     Lastly,  of  one  large  element,  all  the  zincs  and  all  the 
■'C^>pcrs  being  joined,  so  as  to  form  a  pair  of  six  times  the  surface  (fig.  731). 

With  a  series  of  twelve  elements  there  may  be  six  different  combinations, 
'^^  so  on  for  a  larger  number. 

Now  let  us  suppose  that  in  the  particular  case  of  a  battery  of  six  elements 
^  mtemal  resistance  R  of  each  element  is  3,  and  the  external  resistance 
^  12.  Then  in  the  first  case,  where  there  are  six  elements  arranged  in 
^»ics,  we  have  the  value 

6E  6E  6E. 


C- 


6R  +  r    6x3+12      30 


(1) 


If  they  were  united  so  as  to  form  three  elements,  each  of  double  the 

3I> 


770 


Dynamical  Electricity. 


[Mt- 


surface,  as  in  the  second  case  (fig.  729),  the  electromotive  force  would  then 
be  the  electromotive  force  in  each  element :  there  would  also  be  a  resistance 
R  in  each  element,  but  this  would  only  be  half  as  great,  for  the  section  of 
the  plate  is  now  double  ;  hence  the  strength  in  this  case  would  be 


2 


3E 


•  +  12 


,6E 
'  33 


accordingly  this  change  would  lessen  the  strength. 

If,  with  the  same  elements,  the  resistance  in  the  connecting  wire  were 
only  r  =  2,  we  should  have  the  values  in  the  two  cases  respectively — 

6xE    ^6E 
6x3  +  2     20' 

3E 6E^ 


C-: 


and  C'-. 


6E 


3R. 


9  +  4     13 


The  result  in  the  latter  case  is,  therefore,  more  favourable.  If  the  re- 
sistance r  were  9,  the  strength  would  be  the  same  in  both  cases.  Hence, 
then,  by  altering  the  size  of  the  plates  or  their  arrangement,  favouribk 
or  unfavourable  results  are  obtained  according  to  the  relation  between  R 
and  r. 

826.  Arranremant  of  muttlple  batterj*  for  maximvin  evrroat.— It  can 

be  shown  that  in  any  fri^uen  combin€Uion  the  maximum  effect  is  obtained  a*^ 

the  total  resistance  in  the  elements  is  equal  to  the  resistance  of  the  inUrpoljr 

For  let  N  be  the  total  number  of  cells  available  for  a  given  combination,  and 

let  n  be  the  number  of  cells  arranged  tandem ^  or  in  scries— that  is,  »h«) 

the  zinc  of  one  is  connected  with  the  copper  of  the  next,  and  so  on ;  then 

N 
there  will  be  -  elements  arranged  abreast.     If  ^  be  the  electromotive  force. 
n 

and  r  the  resistance  of  one  cell,  while  /  is  the  external  resistance,  then  tb< 

strength  of  the  current  will  be 

ne  e 


C- 


N 


n*r  ^ 


nr 

N  ' 


Therefore  C  is  a  maximum  when  ^  -  •(•  -*  is  a  minimum.      But  ..  ■  ^ 

N      «  >   ' 

=  ''  is  a  constant,  therefore  the  sum  ^  +     is  a  minimum  when  '^.  =  , 
N  R      «  N     ' 

that  is,  when  -     -  /,  or  when  the  total  internal  resistance  is  equal  to  > 

external  resistance. 

A' 
For  if  X  and       are  any  two  quantities  whose  product  is  .\*,  then 


A» 


^jr»  +  A*-2A;ri-2Ajr_(;r~A)^       . 
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rhis  is  greater  than  2A  unless  x- A  -o,  in  which  case  it  is  equal  to  2A,  and 
s  a  minimum.    In  that  case  xa  A,  and  therefore 

X 

It  follows  thus  from  the  above  formula  that  the  best  effect  is  obtained 
N/ 


rhen 


-v?^ 


If  in  a  given  case  we  have  8  elements,  each  offering  a  resistance  15,  and 

m  interpolar  with  the  resistance  40,  we  get  n  -  4*3.    But  this  is  an  un- 

>ossible  arrangement,  for  it  is  not  a  whole  number,  and  the  nearest  whole 

lumber  must  be  taken.    This  is  4 ;  and  it  will  be  found,  on  making  a  calcu- 

ation  analogous  to  that  above,  that  when  arranged  so  as  to  form  4  elements, 

»ch  of  double  sur£aice,  the  greatest  effect  is  obtained. 

nE, 
The  formula  for  the  strength  of  current  from  several  elements,  C  «  -^  , 

nay  also  be  applied  to  the  currents  produced  by  a  magneto-electrical  ma< 
±ine  (920).  In  that  case  n  stands  for  the  number  of  coils  which  in  a  given 
time  pass  through  a  magnetic  field. 

The  principle  that  the  best  effect  is  obtained  when  the  total  internal  is 
equal  to  the  total  external  resistance,  holds  also  for  the  currents  produced  by 
these  machines. 
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CHAPTER    III. 

EFFECTS  OF  THE  CURRENT. 

827.  Fbysloloffieal  aetloas. — Under  this  name  are  included  the  effects 
produced  by  a  battery  current  on  living  organisms  or  tissues. 

When  the  electrodes  of  a  strong  battery  are  held  in  the  two  hands  a  violent 
shock  is  felt,  especially  if  the  hands  are  moistened  with  acidulated  water, 
which  increases  the  conductivity.  The  violence  of  the  shock  increases  with 
the  number  of  elements  used,  and  with  a  large  number — as  200  Bonsen's 
cells — is  even  dangerous. 

The  power  of  contracting  upon  the  application  of  a  voltaic  current  seems 
to  be  a  very  general  property  of  protoplasm — the  physical  basis  of  bodi 
animal  and  vegetable  life  :  if,  for  example,  a  current  of  moderate  strength  be 
passed  through  such  a  simple  form  of  protoplasm  as  an  amoeba,  it  imiM- 
diately  withdraws  its  processes,  ceases  its  changes  of  form,  and  contracts  into 
a  rounded  ball— soon,  however,  resuming  its  activity  upon  the  cessation  (rf 
the  current.  Essentially  similar  effects  of  the  current  have  been  observed  in 
the  protoplasm  of  young  vegetable  cells. 

If  a  frog's  fresh  muscle  (which  will  retain  its  vitality  for  a  considerable 
time  after  removal  from  the  body  of  the  animal)  be  introduced  into  a  galvanic 
circuit,  no  apparent  effect  will  be  observed  during  the  steady  passage  of  the 
current,  but  every  opening  or  closure  of  the  circuit  will  cause  a  muscalar 
contraction,  as  will  also  any  sudden  and  considerable  alteration  in  its  in- 
tensity. By  very  rapidly  interrupting  the  current,  the  muscle  can  be  throwB 
into  a  state  of  uninterrupted  contraction,  or  physiological  tetanus^  each  new 
contraction  occurring  before  the  previous  one  has  passed  off.  Other  things 
being  equal,  the  amount  of  shortening  exhibited  by  the  muscles  incrtasei 
up  to  a  certain  limit,  with  the  intensity  of  the  current.  These  phenoroen* 
entirely  disappear  with  the  life  of  the  muscle  ;  hence  the  experiments  ait 
somewhat  more  difficult  with  warm-blooded  animals,  the  vitality  of  whose 
muscles,  after  exposure  or  removal  from  the  body,  is  maintained  uith  mort 
difficulty  ;  but  the  results  of  careful  experiment  are  exactly  the  same  here  a* 
in  the  case  of  the  frog. 

The  influence  of  an  electric  current  upon  living  nerves  is  very  mnaii- 
able  ;  as  a  general  rule,  it  may  be  stated  that  its  effect  is  to  throw  the  ncnt 
into  a  state  of  activity,  whatever  its  special  function  may  be :  thus,  if  il* 
nerve  be  one  going  to  a  muscle,  the  latter  will  be  caused  to  contract ;  if  J** 
be  one  of  common  sensation,  pain  will  be  produced  ;  if  one  of  special  sense, 
the  sensation  of  a  flash  of  light,  or  of  a  taste,  &c.,  will  be  produced,  accord- 
ing to  the  nerve  irritated.  These  effects  do  not  manifest  themseh*es  durin; 
the  even  passage  of  the  current,  but  only  when  the  circuit  is  either  opened  or 
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closed,  or  both.  Of  course  the  continuity  of  the  nerve  with  the  organ  where 
its  activity  manifests  itself  must  be  maintained  intact.  The  changes  set  up 
by  the  current  in  the  different  nerve-trunks  are  probably  similar,  the  various 
sensations,  &c.,  produced  depending  on  the  different  terminal  organs  with 
which  the  nerves  are  connected. 

Professor  Burdon  Sanderson  has  ascertained  that  the  movement  which 
causes  the  Dionaa  musdpula  (Venus's  fly-trap),  one  of  what  are  called  car- 
nivorous plants^  to  close  its  hairy  leaves  and  thereby  entrap  insects  which 
alight  upon  it,  is  accompanied  by  an  electrical  current  in  a  manner  analogous 
to  that  manifested  in  muscular  contraction.  The  manner  in  which  the  irrita- 
tion is  caused  seems  immaterial. 

828.  aieetrotonvis. — In  a  living  nerve,  as  will  be  stated  more  fully  in 
Chapter  X.,  certain  parts  of  the  surface  are  electropositive  to  certain  other 
parts,  so  that  if  a  pair  of  electrodes  connected  with  a  galvanometer  be  applied 
to  these  two  points,  a  current  will  be  indicated  ;  if  now  another  part  of  the 
nerve  be  interposed  in  a  galvanic  circuit,  it  will  be  found  that,  if  this  extra- 
neous current  be  passing  in  the  same  direction  as  the  proper  nerve-current, 
the  latter  is  increased,  and  vice  versd  ;  and  this  although  it  has  previously 
been  demonstrated  experimentally  that  none  of  the  battery  current  escapes 
down  the  nerve,  so  as  to  exert  any  influence  of  its  own  on  the  galvanometer. 
This  alteration  of  its  natural  electromotive  condition,  produced  through  the 
whole  of  a  nerve  by  the  passage  of  a  constant  current  through  part  of  it,  is 
known  as  the  eUctrotonic  state  \  it  is  most  intense  near  the  extraneous,  or,  as 
it  is  called,  the  exciting  current.  It  continues  as  long  as  the  latter  is  pass- 
ing, and  is  attended  with  important  changes  in  the  excitability  of  the  nerve, 
or,  in  other  words,  the  readiness  with  which  the  nerve  is  thrown  into  a  state 
of  functional  activity  by  any  stimulus  applied  to  it.  Pfliiger,  who  has  inves- 
tigated these  changes,  has  named  the  part  of  the  nerve  through  which  the 
exciting  current  is  passing  the  intrapolar  region  :  the  condition  of  the  nerve 
dose  to  the  positive  pole  is  called  anelectrotonus  ;  that  near  the  negative  pole, 
ktUkeiectrotonus,  The  excitability  of  the  nerve  is  diminished  in  the  anelec- 
troConic  region,  so  that  with  a  motor  nerve,  for  example,  a  stronger  stimulus 
than  before  would  need  to  be  applied  at  this  part  in  order  to  obtain  a  mus- 
cular contraction ;  in  the  kathelectrotonic  region,  on  the  contrary,  the  ex- 
citability of  the  nerve  is  heightened.  Moreover,  with  an  exciting  current  of 
moderate  strength  the  power  of  the  nerve  to  conduct  a  stimulus  is  lowered 
XKk  the  anelectrotonic  region,  and  increased  in  the  kathelectrotonic  ;  with 
strong  currents  it  is  said  to  be  diminished  in  both. 

These  facts  have  to  be  taken  into  account  in  the  scientific  application  of 
galvanism  to  medical  purposes.  If,  for  instance,  it  is  wished  to  diminish  the 
excitability  of  the  sensory  nerves  of  any  part  of  the  body,  the  current  should 
be  passed  in  such  a  direction  as  to  throw  the  nerves  of  that  part  into  a  state 
of  anelectrotonus— and  similarly  in  other  cases. 

If  a  powerful  electric  current  be  passed  through  the  body  of  a  recently 
killed  animal,  violent  movements  are  produced,  as  the  muscles  ordinarily 
retain  their  vitality  for  a  considerable  time  after  general  systematic  death: 
by  this  means,  also,  life  has  been  re-established  in  animals  which  were  appa- 
rently dead— a  properly  applied  current  stimulating  the  respiratory  muscles 
to  contract. 
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829.  »— thir  efliMts. — ^When  a  voltaic  current  is  passed  through  a  metal 
wire  the  same  effects  are  produced  as  by  the  discharge  of  an  dectric  battery 
(790) ;  the  wire  becomes  heated,  and  even  incandescent  if  it  is  very  short  and 
thin.  With  a  powerful  battery  all  metals  are  melted,  even  iridium  and  plati- 
num, the  least  fusible  of  metals.  Carbon  is  the  only  dement  which  has  not 
hitherto  been  fused  by  it  Despretz,  however,  with  a  battery  composed  of 
600  Bunsen's  elements  joined  in  six  series  (825),  raised  rods  of  very  pure 
carbon  to  such  a  temperature  that  they  were  softened  and  could  be  wdded 
together,  yielding  an  incipient  fusion. 

A  battery  of  30  to  40  Bunsen's  elements  is  sufficient  to  melt  and  volatOise 
fine  wires  of  lead,  tin,  zinc,  copper,  gold,  silver,  iron,  and  even  platinum,  with 
differently  coloured  sparks.  Iron  and  platinum  bum  with  a  brilliant  white 
light ;  lead  with  a  purple  light ;  the  light  of  tin  and  of  gold  is  bluish-white : 

the  light  of  aac 
is  a  mixture  of 
white  and  gold ; 
finally,  copper 
and  silver  give 
agreen  light 

The  thennil 
effects  of  dK 
voltaic  CQRCOt 
are  used  fcr 
firing  mines  for 
military  pur- 
poses and  for 
blasting   opera- 

tions.     The  fbl- 

& '^^L^^^^^^^^  lowing  arnm^ 

ment    was   d^ 
f  »«•  732-  vised  by  Cokjod 

Schaw  :  —  Fig 
732  represents  a  small  wooden  box  provided  with  a  lid.  Two  moderatdf 
stout  copper  wires,  bd\  insulated  by  being  covered  with  gutta-percha,  art 
deprived  of  this  coating  at  the  ends,  which  are  then  passed  through  and  throq{k 
the  box  in  the  manner  represented  in  the  figure.  The  distance  between  thcfl 
is  I  of  an  inch,  and  a  very  fine  platinum  wire  (one  weighing  i  -92  grain  to  tbe 
yard  is  the  regulation  size)  is  soldered  across.  The  object  of  arranginjC  tbe 
wires  in  this  manner  is  that  they  shall  not  be  in  contact,  and  that  the  strain 
which  they  exert  may  be  spent  on  the  box,  and  not  on  the  platinum  wire 
joining  them,  which,  being  extremely  thin,  would  be  broken  by  even  a  itjy 
slight  pull.  The  box  is  then  filled  with  fine  grained  powder,  and  tbe  bd  vd 
down.  The  wires  of  the  fuse  are  then  carefully  joined  to  the  long  condoctiaf 
wires  which  lead  to  the  battery  :  these  should  be  of  copper,  and  as  thick  i> 
is  convenient,  so  as  to  oflfer  very  little  resistance  :  No.  16  gauge  copper  ^ 
is  a  suitable  size.  The  fuse  is  then  introduced  into  the  charge  to  be  fire^' 
if  it  is  for  a  submarine  explosion  the  powder  is  contained  in  a  canister,  tbe 
neck  of  which,  after  the  introduction  of  the  fuse,  is  carefully  fastened  by 
means  of  cement.    When  contact  is  made  with  the  battery,  which  is efiecteo 


jUifDUgh  ihc  intervention  of  mercury  cups,  the  current  traversing  the  plati- 
num wire  renders  it  incandescent,  which  fires  the  fuse  ;  and  thus  the  ignition 
is  communicited  to  the  charge  in  which  it  is  placed. 

The  heating  effect  depends  more  on  the  siste  than  on  the  number  of  the 
|»lates  of  a  battery,  for  the  resistance  in  the  connecting  wires  is  small  (825). 
^  iron  wire  may  be  melted  by  a  single  Wollaston's  element,  the  2inc  of 
irbich  is  &  inches  by  6.  Hare's  battery  (805)  received  its  name  dcflagrator 
DO  account  of  its  greater  heating  effect,  produced  by  the  great  surface  of  its 
||.lates. 

\\licn  any  circuit  is  closed,  a  definite  amount  of  heat,  H,  is  produced 
ighout  the  entire  circuit ;  and  the  amount  of  heat,  A,  produced  in  any 
ular  part  of  the  circuit  bears  to  the  total  heat^  H,  the  same  ratio  which 
resi^ance,  r,  of  this  part  bears  to  R,  that  of  the  entire  circuit.     Hence, 
firing  mines,  the  wire  to  be  heated  should  be  of  as  small  section  and  of  as 
conductivity  as  practicable.     These  conditions  are  well  satisfied  by 
um,  which  has  over  iron  the  advantage  of  being  less  brittle  and  of  not 
fog  liable  to  rusL    Platinum  too  has  a  slow  specific  heat,  and  is  thus  raised 
a  higher  temperature,  by  the  same  amount  of  heat,  than  a  wire  of  greater 
ific  heat.     On  the  other  hand,  the  conducting  wires  should  present  as 
a  resistance  as  possible,  a  condition  satisfied  by  a  stout  copper  wire ; 
again,  as  the  heating  effect  of  any  circuit  is  proportional  to  the  square 
the  electromotive  force,  and  inversely  as  the  resistance,  a  battery  with  a 
electromotive  force  and  small  resistance,  such  as  Grove's  or  Bunsen's, 
be  selected. 

other  application  of  the  heating  eftect  is  to  what  are  called  safety  catches, 

arc  lengths  of  lead  wire  or  strips  interposed  in  the  circuit  of  the 

erful  currents  used  for  electrical  lighting  and  the  like.   Their  dimensions 

so  calculated  that  when  the  current  attains  a  certain  strength,  the  heat 

ted  is  sufficient  to  melt  them  and  thus  break  the  continuity  of  the 

Ai  this  can  be  arranged  with  great  accurac>',  it  is  possible  so  to 

Uic  circuit  that  it  shall  not  exceed  a  certain  limit 

means  of  a  heated  platinum  wire,  parts  of  the  body  may  be  safely 

t*ed  which  could  not  be  got  at  by  a  red-hot  iron ;  the  removal  of 

a  may  be  effected  by  drawing  a  loop  of  platinum  round  their  base, 

is  then  gradually  pulled  together.     It  has  been  observed  that  when 

raturc  of  the  wire  is  about  600°  C,  the  combustion  of  the  tissues 

picte  that  there  is  no  ha-morrhaj^e  ;  while  at   1500' the  action  of 

wire  is  like  that  of  a  sharp  knife. 

Sjo.  &«w>  of  tieatioff  etfeots.    CI>alraiioUiermom«t«r^— Although  the 

effects  arc  most  obvious  in  the  c^asc  of  thin  wires,  they  are  by  no 

hmited  to  them*     The  laws  of  the  heating  effect  were  investigated  by 

by  means  of  an  apparatus  called  the  GalvafwihermomtUr  (fig,  733). 

lOUtJied  stoppered  bottle  was  fixed  upside  down,  witli  its  stopper,  ^, 

lea  box ;  the  stopper  was  perforated  so  as  to  give  passage  to  two 

piatlfittm  wires,  connected  at  one  end  with  binding  screws,  $s^  while 

i^ee  ends  were  provided  with  platinum  cones  by  which  the  wires  under 

could  be  affixed  ;   the  vessel  contained  alcohol,  the  tempera- 

which  was  indicated  by  a  thermometer  fitted  in  a  cork  inserted  in 

Me  made  tn  ihe  bottom  of  the  vessel*      The  current  is  pas«.cd  through 
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the  platinum  wires,  and  its  strength  measured  by  means  of  a  taogeot 
compass  interposed  in  the  circuit     By  observing  the  increase  of  tempen- 

ture  in  the  thermometer  in  a  given  time,  and 
knowing  the  weight  of  the  alcohol,  the  mass 
of  the  wire,  the  specific  heat,  and  the  calon- 
metric  values  (453)  of  the  vessel,  and  of  the 
thermometer,  compared  with  alcohol,  the  beat- 
ing effect  which  is  produced  by  the  current  id 
a  given  time  can  be  calculated. 

By  apparatus  of  this  kind  the  truth  of  the 
following  law  may  be  established. 

The  heat  disengaged  in  a  given  time^  A  '^ 
directly  proportional  to  the  square  of  tk 
strength  of  the  current^  and  to  the  resistana. 

This   is  known  2^  JouUs  law  (831',  and 

Vi 
is  expressed  in  the  formula  H  ■■  OR/  «  « 

«  EC/.  If  the  values  E,  C,  R  are  expressed  in 
ergs,  we  get  the  value  H  in  water-gframmc  d^ 
grees  if  we  divide  by  the  mechanical  equivalent  of  a  water-grammc  degree, 
that  is  by  4-16  «  10^.  If  the  values  are  expressed  in  practical  units -\t)h. 
ohm,  ampere  (964)— we  get  the  value  in  the  same  unit  in  dividing  by  10'. 

If  the  current  passes  through  a  chain  of  platinum  and  silver  wire  of  equal 
sizes,  the  platinum  becomes  more  heated  than  the  silver  from  its  greater 
resistance ;  and  with  a  suitable  current  the  platinum  may  become  incan- 
descent while  the  silver  remains  dark.  This  experiment  was  devised  bj 
Children. 

If  a  long  thin  platinum  wire  be  raised  to  dull  redness  by  passing  a  \-oluic 
current  through  it,  and  if  part  of  it  be  cooled  down  by  ice,  the  resistance  <rf 
the  cooled  part  is  diminished,  the  strength  of  the  current  increases,  and  the 
rest  of  the  wire  becomes  brighter  than  before.  If,  on  the  contrar>%  a  part 
of  the  feeble  incandescent  wire  be  heated  by  a  spirit-lamp,  the  resistance  erf 
the  heated  part  increases,  for  the  effect  is  the  same  as  that  of  introducing 
fresh  resistance,  the  strength  of  the  current  diminishes,  and  the  wire  ceases 
to  be  incandescent  in  the  non-heated  part. 

The  cooling  by  the  surrounding  medium  exercises  an  important  influence 
on  the  phenomenon  of  ignition.  A  round  wire  is  more  heated  by  the  same 
current  than  the  same  wire  which  has  been  beaten  out  fiat  :  for  the  latter 
with  the  same  section  offers  a  greater  surface  to  the  cooling  medium  than  ibe 
others.  For  the  same  reason,  when  a  wire  is  stretched  in  a  glass  tube  ce 
which  two  brass  caps  are  fitted  airtight,  and  the  wire  is  raised  to  dull  ifi- 
candescence  by  the  passage  of  a  current,  the  incandescence  is  more  "^ic 
when  the  air  has  been  pumped  out  of  the  tube,  because  it  now  simply  k»ft 
heat  by  radiation,  and  not  by  communication  to  the  surrounding  medium. 

Similarly,  a  current  which  will  melt  a  wire  in  air  will  only  raise  it  10  da3 
redness  in  ether,  and  in  oil  or  in  water  will  not  heat  it  to  redness  at  alL  w 
the  liquids  conduct  heat  away  more  readily  than  air  does. 

From  the  above  laws  it  follows  that  the  heating  effect  is  the  same  in  a  «t* 
whatever  be  its  length,  provided  the  current  is  constant ;  but  it  must  be  remen- 
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bered  that  by  increasing  the  length  of  the  wire  we  increase  the  resistance, 
and  consequently  diminish  the  current ;  further,  in  a  long  wire  there  is  a 
greater  surface,  and  hence  more  heat  is  lost  by  radiation  and  by  conduction. 

831.  OmpblMa  r«pres«iitatlon  of  tba  baatliir  effaats  In  a  aire  nit. — 
The  law  representing  the  production  of  heat  in  a  circuit  in  the  unit  of  time 
is  very  well  seen  by  the  following  geometrical  construction,  due  to  Professor 
Foster. 

The  heat  H  produced  in  a  circuit  in  the  unit  of  time  is  proportional  to 
the  square  of  the  strength  of  the  current  C,  and  to  the  resistance  R  (830) 

that  is  H  -  C'R  ;  but  since  C  • 


.?(S25),wehaveH.^'. 


Draw  a  straight  line  DAB  (fig.  734),  and  from  any  point  A  in  it  draw  a 
line  AC,  at  right  angles  to  DAB,  and  of  a  length  proportional  to  the  electro- 


Fig.  734. 

motive  force  of  the  cell.  Lay  off  a  length  AB  proportional  to  the  resistance 
of  the  circuit  Join  CB,  and  at  C  draw  a  line  at  right  angles  to  BC,  and  let 
D  be  the  point  where  this  line  cuts  the  line  DAB.  Then  the  length  AD  is 
proportional  to  the  heat  produced  in  the  whole  circuit  in  unit  time.  For  the 
triangles  ADC  and  ACB  are  similar,  and  therefore  AD  :  AC  -  AC  :  AB  ;  that 

is,AD.^^';  thatis,  H.^'. 

By  drawing  figures  similar  to  the  above  it  will  be  found  that  for  a  given 
electromotive  force  the  heat  is  inversely  proportional  to  the  resistance,  and  for 
a  given  resistance  directly  proportional  to  the  square  of  the  electromotive 
force.  That  is,  if  the  resistance  is  doubled,  the  heat  is  reduced  to  one-half ;  if 
the  electromotive  force  is  doubled  the  heat  is  quadrupled. 

832.  Salation  of  baatliir  affaet  to  work  of  a  battary. — In  every 
closed  circuit  chemical  action  is  continuously  going  on  ;  in  ordinary 
circuits,  the  most  common  action  is  the  solution  of  zinc  in  sulphuric  acid, 
which  may  be  regarded  as  an  oxidation  of  the  zinc  to  form  oxide  of  zinc,  and 
a  combination  of  this  oxide  of  zinc  with  sulphuric  acid  to  form  water  and 
anc  sulphate.  It  is  a  true  combustion  of  zinc,  and  this  combustion  serves  to 
maintain  all  the  actions  which  the  circuit  can  produce,  just  as  all  the  work 
which  a  steam-engine  can  effect  has  its  origin  in  the  combustion  of  fuel  (473). 

By  independent  experiments  it  has  been  found  that,  when  a  given  weight 
of  zinc  is  dissolved  in  sulphuric  acid,  a  certain  definite  measurable  quantity 
of  heat  is  produced,  which,  as  in  all  cases  of  chemical  action,  is  the  same. 
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whatever  be  the  rapidity  with  which  this  solution  is  effected.  If  thb  solutioo 
takes  place  while  the  zinc  is  associated  with  another  metal  so  as  to  form  a 
voltaic  couple,  the  rapidity  of  the  solution  will  be  altered  and  the  whole  cir- 
cuit will  become  heated — the  liquid,  the  plates,  the  containing  vessel  as  well 
as  the  connecting  wire.  But  although  the  distribution  of  the  heat  is  thus 
altered,  its  quantity  is  not.  If  the  values  of  all  the  several  heating  efiects  in 
the  various  parts  of  the  circuit  be  determined,  it  will  still  be  found  that, 
however  the  resistance  of  the  connecting  wire  be  varied,  this  sum  is  exactly 
equivalent  to  that  produced  by  the  solution  of  a  certain  weight  of  zinc 

If  the  couple  be  made  to  do  external  mechanical  work  the  case  is  dif- 
ferent. Joule  made  the  following  remarkable  experiment : — A  small  zinc 
and  copper  couple  were  arranged  in  a  calorimeter,  and  the  amount  of  heat 
determined  while  the  couple  was  closed  for  a  certain  length  of  time  by  > 
short  thick  wire.  The  couple  still  contained  in  the  calorimeter  was  next 
connected  with  a  small  electromagnetic  engine  (899),  by  which  a  weight  was 
raised.  It  was  thus  found  that  the  heat  produced  in  the  calorimeter  in  a 
given  time — while,  therefore,  a  certain  amount  of  zinc  was  dissolved— was 
less  while  the  couple  was  doing  work  than  when  it  was  not ;  and  the 
amount  of  this  diminution  was  the  exact  thermal  equivalent  of  the  work 
performed  in  raising  the  weight  (497). 

That  the  whole  of  the  chemical  work  and  disengagement  of  heat  in  the 
circuit  of  an  ordinary  cell  has  its  origin  in  the  solution  of  zinc  in  add  is  coo- 
firmed  by  the  following  experiment,  due  to  Favre  : — 

In  the  muffle  of  his  calorimeter  (456),  five  small  zinc  platinum  elements 
were  introduced  ;  the  other  muffle  contained  a  voltameter.  Now  when  the 
element  was  closed  until  one  equivalent  of  zinc  was  dissolved  in  the  whole  of 
the  cells,  -J  of  an  equivalent  of  water  should  be  decomposed  in  the  voltameter 
(846),  which  was  found  to  be  the  case.  In  one  case  the  current  of  the 
battery  was  closed  without  inserting  the  voltameter,  and  the  heat  disengaged 
during  the  solution  of  one  equivalent  of  zinc  was  found  to  be  18,796  thennal 
units  ;  when,  however,  the  voltameter  was  introduced,  the  quantity  disengaged 
was  only  1 1,769  thermal  units.  Now  the  difference,  7,027,  is  represented  b)- 
the  chemical  work  of  decomposing  \  of  an  equivalent  of  water  ;  this  agrees 

very  well  with  the  number,  6,892  =»  ^^'^ ,  which  represents  the  heat  disen- 
gaged during  the  formation  of  \  of  an  equivalent  of  water. 

However  complicated  may  be  a  voltaic  combination  the  total  heat  pro- 
duced in  it  is  the  sum  of  the  quantities  of  heat  which  are  produced  and  absorbed 
in  the  various  chemical  processes  which  take  place  in  it. 

We  may  illustrate  this  important  principle  by  reference  to  the  clement 
of  De  la  Rue  and  Muller;(8i2),  the  chemical  actions  in  which  are  perhaps 
the  simplest  of  all  constant  elements.  The  normal  action  is  that,  when  the 
element  is  closed,  zinc  decomposes  ammonium  chloride  with  the  fonnarion 
of  zinc  chloride,  while  the  liberated  ammonium  unites  with  the  chlorine  d 
the  silver  chloride,  re-forming  ammonium  chloride  and  depositing  sil»tr. 
The  heat  of  decomposition  and  of  re-formation  of  the  ammonium  chloride 
compensate  one  another,  and  the  net  result  is  the  formation  of  zinc  chloride, 
and  the  decomposition  of  silver  chloride.  Now  the  heat  produced  in  the 
formation  of  a  molecule  of  zinc  chloride  (ZnCla)  is  112,840  gramme  units, 
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and  that  of  the  equivalent  silver  chloride  (aAg^Cl,)  is  58,76a  The  difference 
is  54,800,  which  is  less  than  58,360,  the  heat  required  to  decompose  a  mole- 
cule of  water.  Hence  it  is  that  one  such  element  will  not  effect  a  continuous 
decomposition  of  water,  but  at  least  two  are  required  for  the  purpose. 

In  like  manner  the  heat  disposable  in  one  DanielPscell  is  represented  by 
47,500,  and  accordingly  at  least  two  are  also  required. 

In  some  cases,  however,  the  current  of  a  single  cell  does  produce  a  feeble 
but  continuous  decomposition.  This  arises  from  the  fact  that  the  water  of  the 
iroltameter  contains  air  in  solution,  and  the  hydrogen  as  it  is  liberated  unites 
with  the  dissolved  oxygen.    This  process  is  known  as  eUctrolytic  convection, 

833.  &aailao«s  •fleets. — In  closing  a  voltaic  battery  a  spark  is  obtained 
It  the  point  of  contact,  which  is  frequently  of  great  brilliancy.  A  similar 
ipark  is  also  perceived  on  breaking  contact  These  luminous  effects  are 
3btained,  when  the  battery  is  sufficiently  powerful,  by  bringing  the  two  elec- 
trodes very  nearly  in  contact ;  a  succession  of  bright  sparks  springs  some- 
times across  the  interval,  which  follow  each  other  with  such  rapidity  as  to 
[Mtxiuce  continuous  light  With  eight  or  ten  of  Groves's  elements  brilliant 
luminous  sparks  are  obtained  by  connecting  one  terminal  of  the  battery  with 
I  file,  and  moving  its  point  along  the  teeth  of  another  file  connected  with  the 
iCher  terminal. 

The  most  beautiful  effect  of  the  electric  light  is  obtained  when  two  pencils 
a  charcoal  are  connected  with  the  terminals  of  the  battery  in  the  manner 
'epresented  in  fig.  735. 
rhe  charcoal  b  is  fixed, 
rhile  the  charcoal  a  can 
yt  raised  and  lowered  by 
neans  of  a  rack  and  pinion 
notion,  c.  The  two  char- 
XMds  being  placed  in  con- 
act,  the  current  passes, 
ind  their  ends  soon  be- 
ome  incandescent  If 
bey  are  then  removed  to 
.  distance  of  about  the 
enth  of  an  inch,  according 
0  the  strength  of  the 
nrrent,  a  luminous  arc 
xtends  between  the  two 
totnts,  which  has  an  ex- 
eedingly  brilliant  lustre, 
nd  is  called  the  voltaic 
trc. 

The  length  of  this  arc 
'aries  with  the  force  of 
be  current.  In  air  it  may  exceed  2  inches  with  a  battery  of  500  elements, 
inanged  in  six  series  of  100  each,  provided  the  positive  pole  is  uppermost, 
IS  represented  in  the  figure ;  if  it  is  undermost,  the  arc  is  about  one-third 
borter.  In  a  partial  vacuum  the  distance  of  the  charcoals  may  be  greater 
ban  in  air ;  in  fact,  as  the  electricity  meets  with  no  resistance,  it  springs 
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bctwrcen  the  tvo  charcoals,  eren  before  they  are  in  contact.  The  vnhak  arc 
can  also  be  produced  in  liquids,  but  it  is  then  much  shorter,  and  its  brilliaiic)* 
b  greatly  diminished. 

The  voltaic  arc  has  the  property  that  it  is  attracted  when  a  magnet  is  pre- 
sented to  it — a  consequence  of  the  action  of  magnets  oo  cnrrents  (865  . 

Some  physicists  have  considered  the  voltaic  arc  as  ibnned  of  a  ver)*  rapid 
succession  of  bright  sparks.  Its  colour  and  shape  depend  oa  the  nature  of 
the  conductors  between  which  it  is  formed,  and  it  is  probably  due  to  the 
incandescent  particles  of  the  conductor,  which  are  volatilised  and  transported 
in  the  direction  of  the  current ;  that  is,  from  the  positive  to  the  n^^ve  pok. 
The  more  easily  the  electrodes  are  disintegrated  by  the  current,  the  greater 
is  the  distance  at  which  the  electrodes  can  be  placed.  Charcoal,  which  is  a 
very  friable  substance,  is  one  of  the  bodies  which  gives  the  laigest  Inminoos 
arc  Edlund  has  shown  that  this  disintegration  of  the  terminals  by  the 
voltaic  arc  gives  rise  to  an  electromotive  force  opposed  in  direction  to  that 
of  the  main  current 

Da\y  first  made  the  experiment  of  the  electric  light,  in  1801,  by  means  of 
a  battery  of  2,000  plates,  each  4  inches  square.  He  used  charcoal  points 
made  of  light  wood  charcoal  which  had  been  heated  to  redness,  and  im- 
mersed in  a  mercur>'  bath  ;  the  merciuy,  penetrating  into  the  pores  of  the 
charcoal,  increased  its  conductivity.  When  any  substance  was  introduced 
into  the  voltaic  arc  produced  by  this  battery,  it  became  incandescent ;  pla- 
tinum melted  like  wax  in  the  flame  of  a  candle ;  sapphire,  magnesia,  lime. 
and  most  refractory  substances  were  fused.  Fragments  of  diamond,  of 
charcoal,  and  of  graphite  rapidly  disappeared  without  undergoing  an) 
previous  fusion. 

As  charcoal  rapidly  bums  in  air,  it  was  necessary  to  operate  in  vacuo, 
and  hence  the  experiment  was  for  a  long  time  made  by  fitting  the  two  poinb 
in  an  electric  ^^^^  like  that  represented  in  fig.  684.  At  present  the  elect^ode^ 
are  made  of  gas  graphite,  a  modification  of  charcoal  deposited  in  gas  retorts: 
this  is  hard  and  compact,  and  only  bums  slowly  in  air ;  hence  it  is  unneces- 
sary to  operate  in  vacuo.  When  the  experiment  is  made  in  \-acuo  there  i> 
no  combustion,  but  the  charcoal  wears  away  at  the  positive  pole,  while  it  i> 
somewhat  increased  on  the  negative  pole,  indicating  that  there  is  a  transpor. 
of  solid  matter  from  the  positive  to  the  negative  pole. 

834.  Foacaairs  experiment. — This  consists  in  projecting  on  a  screeE 
the  image  of  the  charcoal  points  produced  in  the  camera  obscura  at  the 
moment  at  which  the  electric  light  is  formed  (fig.  736).  By  means  ol  tht 
experiment,  which  is  made  by  the  photo-electric  microscope  already  de 
scribed  (fig.  542),  the  two  charcoals  can  be  readily  distinguished,  and  the 
positive  charcoal  is  seen  to  become  somewhat  hollow  and  diminished,  whiif 
the  other  increases.  The  globules  represented  on  the  two  charcoals  ana* 
from  the  fusion  of  a  small  quantity  of  silica  contained  in  the  charcoal  UTJCfl 
the  current  begins  to  pass,  the  negative  charcoal  first  becomes  luminous, 
but  the  light  of  the  positive  charcoal  is  the  brightest ;  as  it  also  wears  a»aj 
about  twice  as  rapidly  as  the  negative  electrode  it  ought  to  be  rather  the  largo 

835.  Regulator  of  the  eleotHe  ll^lit.  -When  the  electric  light  is  to  be 
used  for  illumination,  it  must  be  as  continuous  as  other  modes  of  lighting 
For  this  purpose,  not  only  must  the  current  be  constant,  but  the  distance  ot 
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lie  charcoals  most  not  alter,  which  necessitates  the  use  of  some  arrange- 
liiciit  for  bringing  ihem  nearer  together  in  proportion  as  they  wear  away. 


rig.  7J6. 

ai  tbe  best  modes  of  effecting  this  is  by  an  apparatus  invented  by 

this  regulator  the  two  charcoals  are  movable,  but  with  unequal  velocl- 

fltiBi,  which  are  virmally  proportional  to  their  waste*     The  motion  is  trans- 

I  nitted  by  a  drum  placed  on  the  axis  xy  (fig.  737).     This  turns,  in  the  direc* 

tkxi  of  tbe  arrows,  two  wheels,  a  and  ^,  the  diameters  of  which  are  as  1  :  2, 

and  wbicb  tespcftivcly  transmit  their  motion  to  two  rackworks,  C  and  C. 

C  kmrers  the  positive  charcoal,  /,  by  means  of  a  rod  sliding  in  the  tube 

H,  while  the  other  C  raises  the  negative  charcoal,  i»,  half  as  rapidly.     By 

of  tbe  milled  head  jf  the  drum  can  be  wound  up,  and  at  the  same 

the  positive  charcoal  moved  by  the  hand  ;  the  milled  head  x  moves  the 

Mivc  charcoal  also  by  the  hand,  itnd  independently  of  the  first.     For  this 

^inpoie  the  axis,  xy^  consists  of  two  parts  pressing  against  each  other  with 

«omt  forcCf  so  that,  holding  the  milled  head  x  between  the  fingers,  the  other, 

r,  mmy  be  moved,  and  by  holding  the  latter  the  former  can  be  moved.     But 

Cbe  friction  i«  sufficient  when  the  drum  works  to  move  the  two  wheels  a  and 

I  ^a&d  the  two  rackworks. 

The  two  charcoals  being  placed  In  contact,  the  current  of  a  powerful 
battery  of  40  to  50  elements  reaches  the  apparatus  by  means  of  the  wires  E 
1  E'.    The  current  rising  in  H  descends  by  the  positive  charcoal,  then  by 
\  acfSUivit  cf»rcoaJ,  and  reaches  the  apparatus,  but  without  passing  into 
Ct  or  into  the  part  on  the  right  of  the  pUlc  N  ;  these  pieces 
iBsylatcd  by  ivory  discs  placed  at  their  lower  part.    The  current  ulti- 
»  reaches  the  bobbin  B,  which  fonns  the  foot  of  the  regulator,  and 
imo  tbe  wire  £'*     Inside  the  bobbin  Is  a  bar  of  »oft  iron,  which  is 
»  Umg  as  the  current  passes  in  the  bobbin,  and  demagnetised 
I  it  di>o  not  pass,  and  this  temporary  magnet  ts  the  regulator    f  or  this 
F  fKipotr  ft  iicts  alirnctively  on  an  armature  of  soft  iron.  A,  open  in  the  centre 


screw,  and  a  series  of  toothed  ^ 
wheels^  the  stop  is  tmnsmMM 
to  the  dnitn,  and  the  r^^| 
work  being  hxcd,  the 
is  the  case  with  the  cjirbom. 
This  is  what  takes  place  so 
long  as  the  magnetisation  m 
the  bobbin  is  strong 
to  keep  down  the  aimafiBfi 
A  ;  but  in  proportion  as  tk 
carbons  wear  aiiray%  the 
rent  becomes  feebler,  tluMfb 
the  voltaic  arc  contiaoe«»s» 
that  ultimately  the  attncooQ 
of  the  magnet  no  loafer 
counterbalances  a  spdm  ft 
which  continually  tends  h» 
raise  the  armature.  It 
ascends,  the  piece  d 
engages  the  slop  i,  the 
works,  and  the  carbons 
nearer  ;  they  do  not, 
touch*  because  the  strco^ 
of  the  current  gains  the  o^ 
hand,  the  armature  A  i> 
attracted,  and  the  cttbea* 
remam  fixed*  As  their  dit* 
tance  only  varies  vitUft  %wff 
narrow  limits^  a  rtfular  9^ 
continuous  light  Is  obcaiatd 
with  this  apparatus  antil  U< 
carbons  arc  4uitc  used 

By  means  of  a  r^^uliSQ^ 
Duboscq  illuminates  thef^ 
togenic  apparatus  represented  in  fig.  542,  by  which  all  the  optical  ti^ 
ments  may  be  peiformed  for  which  sunlight  was  formerly  necessary. 

836V  Browaittr*a  regulator*— A  much  simpler  apparatus,  reprcsoiieii »« 
fig,  73S,  has  been  devised  by  Browning,  which  is  less  costly  than  the  o<iP 
lamps>  and  also  requires  a  smaller  number  of  elements  to  work  tL  Tk 
current  enters  the  lamp  by  a  wire  attached  to  a  binding  screw  oft  the  htmtm 
the  instrument,  passing  up  the  pillar  by  the  small  dectixHintigBei  IP  ^ 
centre  pillar  along  the  top  of  the  horizontal  bar,  down  the  leli-baod  ^ 
through  the  two  carbons,  and  away  by  a  wire  attached  to  a  bindifig  sctrvtf 
the  left  hand.  A  tube  holding  the  upper  carbon  slides  freely  up  ioddt^ 
a  tube  at  the  end  of  the  cross-piece,  and  would  by  its  own  weigbf  fe^  M  tit 
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■lu-bon,  but  the  electromagnet  is  provided  with  a  keeper,  to  which  ts 

ted  a  rest  that  encircles  the  carbon  tube  and  grasps  it.  When  the  electro- 

et  works  and  attracts  the  keeper^ 

!St  tighiensj  and  thereby  prevents 

escent  of  the  carbon.    When  the 

ET  is  not  attracted  the  rest  loosens, 

be  caxbon-holder  descends, 

lien  the  two  carbons  are  at  rest, 

iking  contact  with  a  batter>^  the 

tit  traverses  both  carbons  and  no 

is  produced.  But  if  the  upper 
n  be  raised  ever  so  little,  a 
lilt  light  is  emitted.  When  the 
is  thus  once  set  to  work,  the  rod 
led  to  the  upper  carbon  may  be 
^ and  the  magnet  will  aftemards 

the  lamp  at  work-  For  when 
of  the  carbon  is  consumed,  and 
uterval  between  the  two  is  too 
for  the  current  to  pass,  the  magnet 

some  of  its  power,  the  keeper 
IS  iu  hold  on  the  carbon,  and  this 
nds  by  its  own  weight.  When 
are  sufficiently  near,  but  before 
ire  in  contact,  the  current  is  re- 
lished ;  the  magnet  again  draws  on 
seper,and  the  keeper  again  checks 
escent  of  the  carbon,  and  so  forth. 

the  points  are  retained  at  the 
distances  apart,  and  the  light  is  continuous  and  brilliant 
ohf«r  has  devised  a  regulator  for  the  electrical  light  which 
f  simple  in  principle,  and  which  also  only  requires  a  few 
nts.  Its  essential  features  arc  represented  in  fig.  740,  in 
lA  b  a  cylinder  containing  glycerine  and  surrounded  by  the 
if  the  circuity!  In  this  is  a  hoUow  cylindrical  floater  n, 
r  AS  wide  as  the  vessel ;  at  its  top  is  a  copper  tube  r, 
ich  the  carbon  point  ^can  be  fixed.  A  stout  copper  wire 
to  the  bottom  of  the  float  dips  in  an  iron  tube  filled  with 
iry,  with  which  is  connected  one  pole  of  the  battery  ;  the 
pole  15  connected  with  the  carbon  tf,  which  is  supportetl 
bte  manner*  The  si/e  of  the  float  is  such  that  it  moves 
,  so  that  the  carbon  d  presses  with  but  very  slight 
;  if*  This  can  be  regiilatcdby  placing  small  weights 
r  on  t.  An  insulated  wire  forming  part  of  the  circuit 
i  a  spiral  k  round  the  cylinder,  and  aids  the  regula- 
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electric   light   has  similar    chemical    properties  to   solar 
\  cfiects  the  combination  of  chlorine  and  hydrogen,  acts  chemically 
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on  chloride  of  silver,  and  can  be  applied  in  photography,  though  not  for 
taking  portraits,  as  it  fatigues  the  sight  too  greatly. 

Passed  through  a  prism,  the  electric  light,  like  that  of  the  sun,  is  decom- 
posed and  gives  a  spectrum.  Wollaston,  and  more  especially  Fraunhdier, 
found  that  the  spectrum  of  the  electric  light  differs  from  that  of  other  lights, 
and  of  sunlight,  by  the  presence  of  several  very  bright  lines,  as  has  been 
already  stated  (578).  Wheatstone  was  the  first  to  observe  that  by  using 
electrodes  of  different  metals,  the  spectrum  and  the  lines  are  modified. 

Masson,  who  experimented  upon  the  light  of  the  electric  machine,  that  of 
the  voltaic  arc,  and  that  of  RuhmkoriTs  coil,  found  the  same  colours  in  the 
electric  sp>ectrum  as  in  the  solar  spectrum,  but  traversed  by  very  brilliant 
luminous  bands  of  the  same  shades  as  that  of  the  colour  in  which  they  occur. 
The  number  and  position  of  these  bands  do  not  depend  on  the  intensity  d 
the  light,  but,  as  we  have  seen  (833),  upon  the  substances  between  which 
the  voltaic  arc  is  formed. 

With  carbon  the  lines  are  remarkable  for  their  number  and  brilliancy : 
with  zinc  the  spectrum  is  characterised  by  a  very  marked  apple-green  tint ; 
silver  produces  a  very  intense  green  ;  with  lead  a  violet  tint  predominates, 
and  so  on  with  other  metals. 

Bunsen,  in  experimenting  with  48  couples,  and  removing  the  charcoals  to 
a  distance  of  a  quarter  of  an  inch,  found  that  the  intensity  of  the  electric 
light  is  equal  to  that  of  572  candles. 

Fizeau  and  Foucault  compared  the  chemical  effects  of  the  solar  and  the 
electric  lights  by  investigating  their  action  on  iodised  silver  plates.  Re- 
presenting the  intensity  of  the  sun's  light  at  midday  at  1000,  these  ph>'sicists 
found  that  the  light  from  a  battery  of  46  Bunsen's  elements  was  235,  while 
that  from  one  of  80  elements  was  only  238.  It  follows  that  the  intensity  does 
not  increase  to  any  material  extent  with  the  number  of  the  couples  ;  but  ex- 
periment shows  that  it  increases  considerably  with  their  surface.  For  with 
a  battery  of  46  elements,  each  consisting  of  three  elements,  with  their  linc 
and  copper  respectively  united  so  as  to  form  one  element  of  triple  surface 
(825),  the  intensity  was  385,  the  battery  working  for  an  hour  ;  that  is  to  say. 
more  than  a  third  of  the  intensity  of  the  solar  light. 

Too  great  precautions  cannot  be  taken  against  the  effects  of  the  electro 
light  when  they  attain  a  certain  intensity.  The  light  of  100  couples  may 
produce  very  painful  affections  of  the  eyes.  With  600,  a  single  moments 
exposure  to  the  light  is  sufficient  to  produce  very  violent  headaches  and 
pains  in  the  eye,  and  the  whole  frame  is  affected  as  by  a  powerful  sunstroke. 

838.  Bleotiio  llriitinr* — Great  progress  has  of  late  been  made  in  the 
application  of  the  electric  light  to  purposes  of  ordinary  illumination.  This 
progress  has  been  mainly  due  to  the  improvements  which  have  been  made 
in  the  means  of  generating  electricity,  for  which  some  form  of  magnetic  or 
dynamo-electrical  machine  (916),  driven  by  steam  or  water  power  or  by  g» 
engines  (476),  is  used.  So  long  as  the  electricity  from  the  voltaic  battery 
was  alone  available  for  the  production  of  the  electric  light,  no  great  exten- 
sion was  possible,  for  the  cost  and  inconvenience  were  far  too  great  to 
permit  it  to  be  used  for  anything  more  than  lecture'  purposes  and  occasional 
scenic  illumination. 

Very  considerable  improvements  have  also  been  made  in  the  lamps,  which 
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arc  ordinarily  divided  into  arc  lamps,  in  which  the  light  is  produced  between 
carbon  points  automatically  kept  at  a  constant  distance  by  the  action  of  the 
current  itself,  and  incandescent  lamps,  in  which  the  light  is  produced  by  the 
incandescence  of  a  thin  continuous  solid  conductor.  To  this  may  be  added 
the  electrical  candles^  of  which  the  best  known  is  the  Jablochkoff  candle.  It 
consists  (fig.  741)  of  two  rods  of  gas  carbon,  a  and  ^,  from  2  to  4  mm.  in 
diameter,  separated  by  a  layer  of  kaolin  or  Chinese  clay  about  2mm.  thick, 
fixed  respectively  in  the  supports,  to  which  the  positive  and  negative 
electrodes  A  B  are  respectively  attached.  The  rods  are  insulated  from  each 
other  by  the  whole  being  bound  by  some  insulating  material. 


,.\  ,!:,, 
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Fig.  74 «•  fig   742. 

The  current  is  started  by  a  small  piece  of  carbon,  «,  placed  across  the 
^op.  As  the  arc  passes,  the  kaolin  melts  away,  and  the  arrangement  may 
Uereforc  fitly  be  called  a  candle.  The  positive  electrode  wears  away  twice 
^s  fast  as  the  negative,  which  would  soon  destroy  the  arc,  but  by  using  alter- 
viating  currents  the  unequal  waste  of  the  carbons  is  prevented. 

Fig.  736,  which  represents  one  of  the  forms  of  an  arc  lamp,  may  be  taken 
^4  an  example  of  the  manner  in  which  the  regulation  of  the  arc  is  effected. 

Regnier's  electric  lamp,  fig.  742,  consists  of  a  rectangular  copper  rod,  B, 
■^lo^ing  in  a  copper  tube  A,  guided  by  four  pulleys,  /i,  of  which  only  two  are 
**iown ;  to  B  a  cross-piece  holding  a  thin  carbon  pencil, «,  is  fixed,  the  lower 
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part  of  which  passes  through  a  silver  guide,  and  its  end  presses,  but  not 
quite  over  the  centre,  against  a  carbon  disc,  «r,  which  moves  about  a  hori- 
zontal axis.  The  piece  supporting  this  is  insulated  from  A,  but  is  connected 
with  the  negative  pole  by  a  wire,  b.  The  positive  current,  entering  by  A, 
passes  by  C  to  a  small  block  of  carbon,  <?,  which  presses  against  the  podl 
Thus  the  current  only  passes  through  a  very  small  portion  of  this  pendL 
and  it  is  this  small  portion  which  becomes  incandescent  and  forms  the  arc 
The  rod,  as  it  bums  away  and  sinks  by  its  own  weight,  rotates  the  disc  m 
slowly,  and  prevents  its  being  irregularly  worn  away. 

When  either  of  the  carbon  electrodes  which  produce  the  electric  light  if 
increased  in  size  its  increase  of  temperature  is  lessened,  while  that  oif  tie 
other  is  greater.  \VTien  the  negative  electrode  is  large  the  light  of  the 
positive  electrode  is  very  bright.  This  is  seen  in  Werdermanns  eUdrk 
lamp^  which  consists  essentially  of  a  carbon  disc  about  2  inches  in  diamekr 
and  an  inch  in  thickness,  which  is  connected  with  the  negative  pole  of  tbe 
battery;  the  positive  pole  is  a  rod  of  carbon  about  3  cm.  in  diameter,  ofanr 
suitable  length  ;  it  slides  vertically  in  a  copper  tube,  which  serves  both  as  1 
guide  and  as  a  contact  for  it ;  this  is  pressed  upwards  against  the  centre  iqr 
a  weight  passing  over  a  pulley.  The  current  can  be  passed  <threast  throq|k 
as  many  as  ten  of  such  lamps,  though  it  seems  that  the  total  illumiiutff 
power  of  this  arrangement  is  not  so  great  as  when  only  two  parallel  ligte 
are  employed. 

Schwendler  has  devised  a  new  unit  of  luminous  intensity,  which  ie 
calls  the  platinum  light  standard^  specially  for  use  with  the  electric  ligk 
It  is  the  incandescence  produced  by  a  current  of  known  strength  passiif 
through  a  (J -shaped  strip  of  platinum-foil  36*28  mm.  in  length,  f  mniit 
breadth,  and  0017  mm.  in  thickness.  The  circuit  contains  a  rheostat a»i' 
galvanometer  by  which  the  constancy  of  the  current  can  be  ensured  aa^ 
obser\ed.  When  the  strength  of  the  current  is  constant  the  intensity  of  tb 
light,  radiated  by  the  platinum,  is  constant  also,  and  fulfils  all  the  cooditi* 
of  a  standard  measure  of  light,  as  it  can  always  be  reproduced  in  exactly* 
same  form  from  pure  platinum. 

The  standard  of  light  adopted  by  the  International  Congress  of  Electr- 
cians  in  1884  is  the  light  emitted  by  a  square  centimetre  of  melted  platiu^ 
when  on  the  point  of  solidifying. 

According  to  Rosetti  the  temperature  of  the  positive  carbon  is  be:*^* 
2400°  and  3900°  C. ;  it  is  higher  the  smaller  is  the  radiating  surface.  TH 
temperature  of  the  negative  electrode  lies  between  2138*  and  2530*. 

The  resistance  of  the  heated  air  in  the  voltaic  arc  is  from  i  to  i:ohBi 

Incandescent  lamps,  though  not  so  economical  as  arc  lights,  leiMitJ*'' 
selves  best  to  the  distribution  of  the  electric  light.  We  have  seen  that  ^'^^ 
a  strong  current  of  electricity  is  passed  through  a  wire  of  small  condact'*i^ 
its  temperature  is  raised  to  incandescence  ;  if  the  strength  of  the  cun«** 
increased,  the  brightness  of  the  light  increases,  but  in  a  greater  ratio  ib«> 
the  strength  of  the  current.  Tnfortunately,  at  such  high  tempcrana^ 
wires  even  of  the  most  difficultly  fusible  metals  fuse  or  arc  disintepa**^* 
and  the  only  material  which  docs  not  fuse  at  the  highest  temperatort "» 
carbon.  The  first  lamps  in  which  this  was  applied  were  constructed  i'-^ 
pendently  by  Edison  in  America  and  Swan  in  this  country.     Fi^:.  :-:='* 
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fig.  743- 


Fig.  744. 


'epresentation  of  Swafis  lamp.  Inside  the  globular  glass  vessel  with  a  neck, 
ind  fused  to  it,  is  a  glass  rod,  through  which  pass  two  platinum  wires,  bent 
outside  in  loops.  These  loops 
an  be  easily  fitted  in  the  two 
tent  wires  in  the  holder  (fig. 
44),  which  are  in  contact  with 
he  binding  screws,  and  thus 
How  a  current  to  be  transmitted. 
rhc  spring  wire  exerts  an  up- 
ward pressure,  so  as  to  always 
nsure  good  contact  To  the 
ther  ends  of  the  platinum  are 
Lxed  the  characteristic  part,  the 
arbon  filament;  this  is  about 
>*25  mm.  in  diameter,  and  is 
lent  in  the  form  of  a  double  loop. 
I  is  prepared  by  immersing 
3t>chet  cotton  in  sulphuric  acid 
if  a  certain  strength,  by  which 
t  is  converted  into  what  is 
cnown  as  vegetable  parchment.  This  is  then  carbonised  by  heating  it  to  a 
bigh  temperature  in  closed  vessels.  Before  sealing  the  bulb  it  is  exhausted 
»f  air  by  means  of  a  Sprengel  pump,  and  the  vacuum  is  so  perfect  that  elec- 
tricity does  not  pass  in  it.  The  carbon  of  such  a  lamp,  which  is  a  thread 
about  127  cm.  in  length,  and  0*013  cm.  in  diameter,  has  a  resistance  when 
hot  of  143  ohms  in  its  normal  incandescence.  The  efficiency  of  a  lamp  is 
generally  expressed  as  the  number  of  candles  per  horse-power  of  the  engine 
used  in  producing  the  light ;  the  average  efficiency  of  such  a  lamp  may  be 
taken  at  200,  that  of  an  arc  light  may  be  taken  at  10  times  as  much. 

In  Edison's  lamp  the  carbon  filament  is  made  of  a  special  kind  of 
Hamboo  carbonised  at  high  temperatures  in  closed  nickel  moulds.  In 
the  Maxim  lamp,  and  in  that  of  Lane  Fox,  the  carbon  filaments,  after 
being  carbonised  and  mounted,  are  heated  by  the  current  itself  in  an  atmo- 
H*here  of  coal  gas  or  the  vapour  of  a  hydrocarbon  ;  in  this  way  carbon 
*s  deposited  on  the  filament,  by  which  it  is  rendered  more  uniform  and 
•lurable. 

839.  Xeobanloal  effects  of  tbe  battery.  Under  this  head  may  be  in- 
cluded the  motion  of  solids  and  liquids  effected  by  the  current.  An  example 
^  the  former  is  found  in  the  voltaic  arc,  in  which  there  is  a  passage  of  the 
■•lolecules  of  carbon  from  the  positive  to  the  negative  pole  (834). 

The  mechanical  action  of  the  current  may  be  shown  by  means  of  the 
fcltewing experiment  (fi^'.  745).  .'\  glass  tube,  A  H,  bent  at  the  two  ends,  about 
So  cm.  in  length  and  i  cm.  in  diameter,  is  almost  filled  with  dilute  sulphuric 
^cid,  and  a  globule  of  mercury,  ;//,  is  introduced.  The  whole  is  fixed  in  a 
•'Ipport,  and  the  level  of  the  tube  can  be  adjusted  by  the  screw  //,  the  drop 
^  mercury  itself  serving  as  index. 

WTien  the  two  poles  of  a  battcr>'  of  4  or  5  rolls  are  introduced  into  the  two 
^ds,  the  globule  of  mercury  elongates  and  moves  towards  the  negative  pole 
^ilh  a  velocity  which  increases  with  the  number  of  elements.     With  24,  a 
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long  column  of  mercury  can  be  moved  through  a  tube  a  metre  in  length ; 

with  50,  the  velocity  is  greater  and  tlie  mercury  divides  into  globules,  all 

moving  in  the  same  diiec- 
tion.  If  the  direction  of  the 
current  is  reversed,  the  mer- 
cury tirst  remains  stationary 
and  then  moves  in  the  oppo- 
site direction. 

If  the  tube  is  gently  in- 
clined towards  the  positive 
pole,  the  mercury  is  still 
moved  with  the  current ;  and 
a  moment  is  at  length  reached 
at  which  there  is  equilibrium 
between  the  impulsive  fci« 
of  the  current  and  the  weight 
of  the  mercury.     The  coin- 


Fig-  745- 


ponent  of  this  weight  parallel  to  the  plane  may  then  be  taken  as  represesi- 
ing  the  mechanical  action  of  the  current  which  traverses  the  globule  of 
mercury. 

A  similar  phenomenon,  known  as  electrical  endosmose^  is  observed  in  the 
following  experiment,  due  to  Porret.  Having  divided  a  glass  vessel  into  ti« 
compartments  by  a  porous  diaphragm,  he  pjoured  water  into  the  two  com- 
partments to  the  same  height,  and  immersed  two  platinum  electrodes  ia 
connection  with  a  batter)-  of  80  elements.  .\s  the  water  became  decomposed 
part  of  the  liquid  was  carried  in  the  direction  of  the  current  through  the 
diaphragm,  from  the  positive  to  the  negative  compartment,  where  the  le^ri 
rose  above  that  in  the  other  compartment.  A  solution  of  blue  vitriol  is  bc?t 
for  these  experiments,  because  then  the  disturbing  influence  of  the  discngai:^ 
ment  of  gas  at  the  negative  electrode  is  avoided. 

The  converse  of  these  phenomena  is  observed  when  a  liquid  is  forcfli 
throu^'h  a  diaphragm  by  mechanical  means.  Such  currents,  which  we^cal^ 
covered  by  (.)uincke,  are  called  diaphrapn  currents,  A  porous  diaphrai^ia. 
/,  is  fixed  in  a  glass  tube  (fig.  746),  in  which  are  also  fused  two  platinao 
wires  terminating  in  platinum  electrodes,  a  and  b ;  on  forcing  a  liq""*^ 
through  the  diapluaj^m  the  existence  of  a  current  is  evidenced  by  a  i;ahai»- 
meter  with  which  the  wires  are  connected,  the  direction  of  which  i>Uiit<'' 
the  flow  of  the  liquid.  The  difierence  of  potential  due  to  this  flow  is  pro- 
portional to  the  pressure. 

According  to  /ollner,  all  circulatory-  motions  in  liquids,  especially  »i*^ 
they  take  place  in  partial  contact  with  solids,  are  accompanied  by  clcctiKi 

currents  which  have  i:eDeraI.> 
the  same  direction  as  that  ' 
which  the  current  flows. 

Wenheim  found  that  li* 
elasticity  of  metal  mirts  y^  ^ 
mini  shed  by  the  current,  **• 
not  by  iho  licat  alone,  '.mu  hy  the  electricity ;  he  has  also  found  :hJ»*  '^ 
cohesion  is  dimini>:Kn!  In  the  pa>sai;e  of  a  current 
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To  the  mechanical  effects  of  the  current  may  be  assigned  the  sounds 
produced  in  soft  iron  when  submitted  to  the  magnetising  action  of  a  discon- 
inuous  current— a  phenomenon  which  will  be  subsequently  described. 

840.  aiectrocApillary  phenomena. — If  a  drop  of  mercury  be  placed  in 
lilutc  sulphuric  acid  containing  a  trace  of  chromic  acid,  and  the  end  of  a 
»right  iron  wire  be  so 
ixed  that  it  dips  in  the 
.cid  and  just  touches  the 
dge  of  the  mercury,  the 
sitter  begins  a  series  of 
egular  vibrations  which 
nay  last  for  hours.  The 
xplanation  of  this  phe- 
lomenon,  which  was 
irst  observed  by  Kiihne, 
s  as  follows  : — When  the 
ron  first  touches  the 
ticrcury,  an  iron-mercury 
ouple  is  formed,  in 
'onsequence  of  which 
he  surface  of  the  mer- 
rury  is  polarised  by 
he  deposition  of  an  in- 
r'isible  layer  of  hydro- 
gen ;  this  polarisation 
;8o6)  increases  the  sur- 
'acc-tcnsion  of  the  mer- 
mry  ''138),  it  becomes  . 
rounder,  and  contact 
urith  the  iron  is  broken  ; 
:he  chromic  acid  present  depolarises  the  mercury,  its  original  shape  is 
restored,  the  couple  is  again  formed,  and  the  process  repeats  itself  con- 
tinuously. 

Lippmann  has  been  led  by  the  observation  of  this  phenomenon  to  a  series 
if  interesting  experimental  results,  which  have  demonstrated  a  relation 
between  capillary  and  electrical  phenomena.  Of  these  results  the  most 
important  is  the  construction  of  a  capillary  electrometer, 

\  glass  tube,  A  (fig.  747),  is  drawn  out  to  a  fine  point,  and  is  filled 
•rith  mercury  :  its  lower  end  dips  in  a  glass  vessel,  B,  containing  mercury 
M  the  bottom  and  dilute  sulphuric  acid  at  the  top.  Platinum  wires  are 
bsed  in  the  tubes  A  and  B,  and  terminate  in  the  binding  screws  a  and  b 
f^pectively. 

Now  at  the  beginning  of  the  experiment,  the  position  of  the  mercury  in  the 
l»awn-out  tube  is  such  that  the  capillar>'  action  due  to  the  surface-tension 
>»t  the  plane  of  separation  of  the  mercur>'  in  the  tube  and  the  liquid,  is  suffi- 
^ent  to  counterbalance  the  pressure  of  the  column  A.  This  position  is 
observed  by  means  of  a  microscope,  the  focus  of  which  is  at  the  fiducial 
^lark  on  the  glass  at  which  the  mercury  stops.  If  now  a  difference  of 
fH>tential  be  established,  by  connecting  the  poles  of  a  cell  with  the  wires  a 
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and  b^  the  surface-tension  is  increased,  the  merozry  ascends  in  the  capillar)' 
tube,  and  in  order  to  bring  the  meniscus  back  to  its  former  po«fk»,  die 
pressure  on  A  must  be  increased.  This  is  most  simpbr  effected  by  means  of 
a  thick  caoutchouc  tube,  T,  connected  i^ith  the  top  of  A,  and  with  a  mano- 
meter, H  :  and  which  can  be  more  or  less  compressed  by  means  of  a  satr, 
£.  The  di^rence  in  level  of  the  two  legs  of  the  manomecer  is  thus  a 
measure  of  the  increase  of  the  surface-tension,  and  therewith  of  the  difierence 
of  potectiaL  Lippmann  found,  by  special  experiments,  that  this  increase  is 
almost  direcily  proportional  to  the  electromotive  force,  up  to  aboat  o^  of  i 
DanielTs  element.  Each  electrometer  requires  a  special  table  of  gradnatiaD, 
but  when  occe  this  is  constructed  it  can  be  directly  used  for  determiniog 
clectrv>mod\-e  forces^  It  should  not  be  used  for  greater  electromotive  forces 
than  OT?  of  a  Daniell :  but  it  can  estimate  the  one-thousandth  part  of  this 
v^ujuitity.  aavL  as  its  electrical  capacit>'  is  very  small,  it  can  show  rapi^ 
chan^:^K  of  poccntLiL  which  ordinary  electrometers  cannot  da    For  very 

small  electromotive  forces,  the 
pressure  is  kept  constant,  and  the 
displacement  of  the  meniscus  is 
measured  by  the  microscope. 

841.  Cbemieal  effects.— The 
first  decomposition  effected  by  elec- 
tricity was  that  of  water,  in  i8oa  bj 
Carlisle  and  Nicholson,  by  means 
of  a  voltaic  pile.  Water  is  rapi<iiy 
decomposed  by  4  or  5  Bunscn? 
cells ;  the  apparatus  (fig.  74^  - 
convenient  for  the  purix>se.  It  con- 
sists of  a  glass  vessel  fixed  on  i 
'*'*'*'*  wooden  base.     In  the  bottom  of  the 

•  vv>;.-  .HO  .\a:nu:n  electrodes,/  and  «,  are  fitted,  communicating  by  meuii 
,>%  , -.'wv-  \v':xf:>  wi:h  the  binding  screws.    The  activity  of  these  electrodes 
>     *^  vi-w:   >v   cv.nerin^  them  with  a  deposit  of  pulverulent  platinum  i? 
c»v.v    '.N^v      *,  "^e  ^e5sel  is  tilled  with  water  to  which  some  sulphuric  aa*^ 
M^  svi!   io.cv.v.  10  increase  its  conductivity,  for  pure  water  is  a  ver>'  impcrfc^*^ 
svsk:-.  V  .0.      ;\^  o  ^iL'ASS  tubes  filled  with  water  are  inverted  over  the  electrode^ 
iu;  .-.•      .v  '.v^:::^  :he  apparatus  in  the  circuit  of  a  batter>-,  decomposition  :j 
^jsv*  N    Nv .  ;:;\  xid  ^us  bubbles  rise  from  the  surface  of  each  pole.    Tbe 
^vMi;f:v    .-:   ^.U  I;S?rated  at  the  negative  pole  is  about  double  that  a:  tit 
s'.x  .V,   .  vi  Oil  cxjuuication  the  former  gas  is  found  to  be  hydrogen  anc 
K     .    .     ,a.>  o\>v;vii.      This  experiment  accordingly  gives  at  once  the  qca^- 
.^,    v     I  s"  K^ca-.v.r.at.ve  analvsis  of  water.     The  oxygen  thus  obtained  ha^ 
.V'    XV      .1-   A*ui  'Hrr-eiraiini;  odour  obser\'ed  when  an  electrical  machine  '^ 
v^v'.%^^       .\; .  aiKl  >\bich  i>  due  to  ozone.    The  water  contains  at  the  siinc 
.  :tfs'   V  o\  vie  of  hydrv>i:en,  in  producing  which  some  oxygen  is  consuinec 
Mo.vv'vu  o-vv^en    is   somewhat   more  soluble  in   water    than    hydroi;et 
v^^ki.i^  ;o  :hese  causes  the  volume  of  oxygen  is  less  than  that  required  by  the 
V>Mmt*v»»9Jit»v*u  v>t*  water,  which  is  two  volumes  of  hydrogen  to  one  of  ox)i;cE. 
■^mfcCV  >\4umetric  measurements  are  most  exact  when  the  hydrogen  alone 
and  when  this  is  liberated  at  the  surface  of  a  small  electrode. 
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842.  aiectrolysls. — The  tenn  electrolyte  was  applied  to  those  sub- 
»tances  which,  like  water,  are  resolved  into  their  elements  by  the  voltaic 
rurrent,  by  Faraday,  to  whom  the  principal  discoveries  in  this  subject  and 
he  nomenclature  are  due.  Electrolysis  is  the  decomposition  by  the  voltaic 
lattery  ;  the  positive  electrode,  or  that  by  which  positive  electricity  enters, 
ras  by  Faraday  called  the  anode,  and  the  negative  electrode  the  kajthode. 
rhe  products  of  decomposition  are  ions ;  kation,  that  which  appears  at  the 
lathode  ;  and  anion,  that  which  appears  at  the  anode. 

By  means  of  the  battery,  the  compound  nature  of  several  substances 
v-hich  had  previously  been  considered  as  elements  has  been  determined.  By 
neans  of  a  battery  of  250  couples,  Davy,  shortly  after  the  discovery  of  the 
lecomposition  of  water,  succeeded  in  decomposing  the  alkalies  potass  and 
oda,  and  proved  that  they  were  the  oxides  of  the  hitherto  unknown  metals 
"Hfiassium  and  sodium.  The  decomposition  of  potass  may  be  demonstrated, 
rith  the  aid  of  a  battery  of  4  to  6  elements,  in  the  following  manner  :  a 
.mall  cavity  is  made  in  a  piece  of  solid  caustic  potass,  which  is  moistened, 


Fig.  750. 


ftnd  a  drop  of  mercury  placed  in  it  (tig.  749).  The  potass  is  placed  on  a 
piece  of  platinum  connected  with  the  positive  pole  of  the  battery.  The 
mercury  is  then  touched  with  the  ne^jative  pole.  When  the  current  passes, 
Oic  potass  is  decomposed,  oxygen  is  liberated  at  the  positive  pole,  while  the 
potassium  liberated  at  the  negative  pole  amalgamates  with  the  mercury.  On 
Stilling  this  amalgam  out  of  contact  with  air,  the  mercur>'  passes  off, 
Itaving  the  potassium. 

A  very  convenient  arrangement  for  the  preparation  of  metallic  magnesium 
^some  of  the  rarer  metals  consists  of  an  ordinary  clay  tobacco  pipe  (tig.  750; 
in  ihe  stem  of  which  an  iron  wire  is  inserted  just  extending  to  the  bowl,  which 
is  nearly  filled  with  a  mixture  of  the  chlorides  of  potassium  and  magnesium. 
This  is  melted  by  a  Bunsen's  burner,  and  a  piece  of  graphite  connected  by  a 
»irc  with  the  positive  pole  of  a  batter)-  is  dipped  in  it,  the  wire  in  the  stem 
forming  the  negative  pole.  When  the  current  passes,  chlorine  gas  is  liberated 
41  the  positive  pole,  while  metallic  magnesium  collects  about  the  end  of  the 
in»  wire  in  the  bowl. 

The  decomposition  of  binar>'  compounds — that  is,  bodies  containing  two 
elements— is  quite  analogous  to  that  of  water  and  of  potass  ;  one  of  the 
elements  goes  to  the  positive  and  the  other  to  the  negative  pole.  The  bodies 
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separated  at  the  positive  pole  are  called  eUaramegatrve  ekmems.  teaiaea: 
the  momeDt  of  scpsanuon  they  are  considered  to  be  rVurrgW?  wi±  necaasc 
electricity,  whiie  those  separated  at  the  Degatr*^  pole  are  caliec  .'>-5w- 
Potith'c  elements.  Out  and  the  same  bnm  zsar  bt 
electronegative  or  cleciroposxtivc  acccinimr  ir»  tht 
body  «-ith  which  h  is  associated.  For  Tryiare. 
sulphur  is  clectroDegati\-e  towards  hydmgeL.  b« 
is  electropositive  towards  oxx-pen.  The  vvios 
elements  may  be  arranged  in  such  a  series  :ha:  aof 
one  in  combination  is  deccnmegaiTre  to  2sv  iol- 
lowing,  but  clectroposiirv-e  towards  aT  pye^ediait 
ones.  This  is  called  the  eiectrochcmir^  jmi* 
and  begins  with  oxygen  as  the  most  electroneg*- 
tivc  element,  terminating  with  potassiani  as  ik 
most  electropositive. 

The  decomposition  of  hydrochlori:  acid  iaio  fi 
constituents,  chlorine  and  hydrogen,  may  be  shovi 
by  means  of  the  apparatus  representee  :=  f-r-  N*- 
Carbon   electrodes  must,   howe\er,   be  substituted  for  those  of  pLaiiaM, 
which  is  attacked  by  the  liberated  chlorine  :  a  quantitA-  of  CL»mn^oii  sa^:  ato 
must  be  added  to  the  hydrochloric  acid,  in  order  to  diminish  the  soi=biib7 
of  the  liberated  chlorine.     The  decomposition  of  potassium  iodide  may  be 
demonstrated  by  means  of  a  single  elemenL     For  this  purpose  i  piect  d 
bibulous  paper  is  soaked   with   a   solution  of  starch,   10  which  poussaa 
ifxiide  has  been  added.     On  touching  this  paper  with  the  electrode?.  *  bi* 
spot    is  produced  at  the  positive  pole,  due  to  the  action  of  the  '.:be:i»^ 
iodine  on  the  starch. 

One  of  the  best  methods  of  determinin;;  whether  a  body  ;>,  ■  :  if  r.^-i^ 
electrolyte,  is  to  place  it  between  the  two  platinum  electn-Kies  o:'  j  birKT* 
and  then,  disengaging  the  electrodes  from  the  baiter>\  ronnec:  it  ^"'^  * 
galvanometer,  and  obser\'e  whether  a  reverse  current,  due  to  poianf-vnoc* 
the  elcctrrxles  C806,  passes  through  the  galvanometer.  Such  a  current,  beitf 
due  to  the  accumulation  of  different  substances  on  the  two  electrodes  i** 
proof  that  the  substance  has  been  clectrolytically  decomposed  by  the  anpsil 
current  from  the  battery.  This  method  can  often  be  applied  when  i:  ^-^^ 
ficult,  by  direct  chemical  methods,  to  detect  the  presence  of  prxiiictj » 
decomposition  at  the  electrodes. 

843.  decomposition  of  salts. — Tei7iar>-  salts  in  solution  are  deci^m}^- 
by  the  battery,  and  then  present  effects  varying  with  the  chemical  a.^nrj* 
and  the  intensity  of  the  current.  In  all  cases  the  acid,  or  the  body  whick^ 
chemically  equivalent  to  it,  is  electronegative  in  its  action  toward j  thcoibo 
constituent.  The  decomposition  of  salts  may  be  readily  shown  b>  means » 
the  bent  tube  represented  in  fig.  751.  This  is  nearly  tilled  with  a  satotaw* 
solution  of  a  salt,  say  sodium  sulphate,  coloured  with  syrup  of  ^Tok^ 
The  platinum  electrodes  of  a  baitcr>-  of  four  Bunsen's  elements  .ire  tb«» 
placed  in  the  two  legs  of  the  lube.  .After  a  few  minutes  the  liquid  in  il* 
positive  leg,  A,  ])ecomes  of  a  red,  and  that  in  the  negative  leg,  B.  ot  .1  Z^^^ 
colour,  showing  that  the  salt  has  been  resolved  into  acid  which  h.is  pai^ 
to  the  positive,  and  into  a  base  which  has  gone  to  theneg.itivc  pole,  f«»r  t'e< 
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arc  the  eflTects  which  a  free  acid  and   a  free  base  respectively  produce  on 
5>'nip  of  violets. 

In  a  solution  of  copper  sulphate,  free  acid  and  oxygen  gas  appear  at 
ihc  positive  electrode,  and  metallic  copper  is  deposited  at  the  negative  clec- 
fnxie.  In  like  manner,  with  silver  nitrate,  metallic  stiver  is  deposited  on 
the  negative,  while  free  acid  and  oxygen  appear  at  the  positive  electrode. 

This  decomposition  of  salts  was  formerly  explained  by  saying  that  the 
mid  was  liberated  at  the  positive  electr&de  and  the  base  at  the  negative.  Thus 
|loCassium  sulphate,  K.^OSO^,  was  considered  to  be  resolved  into  sulphuric 
actdy  SO^  and  i>otash,  KjO.  This  view  regarded  salts  composed  of  three 
dements  as  different  in  their  constitution  from  binary  or  haloid  salts.  Their 
tiectrotytic  deportment  has  led  to  a  mode  of  regarding  the  constitution  of 
Silts  which  brings  all  classes  of  them  under  one  categor>\  In  potassium 
ttlphate,  for  instance,  the  electropositive  element  is  potassium,  while  the 
dectronegative  element  is  a  complex  of  sulphur  and  oxygen,  which  is  regarded 
is  a  single  group,  SO^,  and  to  which  the  name  oxy-suiphion  may  be  assigned. 
TTie  formula  of  potassium  sulphate  would  thus  be  K-^SO^,  and  its  decom- 
*ilion  would  be  quite  analogous  to  that  of  potassium  chloride,  KCl, 
chloride,  PbCl^  potassium  iodide,  KL  The  electronegative  group 
),  corresponds  to  a  molecule  of  chlorine  or  iodine.  In  the  decomposition 
I  potassium  sulphate,  the  potassium  liberated  at  the  negative  pole  decom* 
1  water,  forming  potash  and  liberating  hydrogen.  In  like  manner  the 
'•^ectroncgativc  constituent  SO*,  which  cannot  exist  in  the  free  state,  decom- 
firv.».  mto  oxygen  gas,  which  is  liberated,  and  into  anhydrous  sulphuric  acid, 
hich  immediately  combines  with  water  to  form  ordinary  sulphuric 
"^lu,  ii^SO,.  In  fact,  where  the  action  of  the  battery  is  strong,  these  gases 
*»*  liberated  at  the  corresponding  poles  ;  in  other  cases  they  combine  in 
**^'  'mid  itself,  reproducing  water.  The  constitution  of  copper  sulphate, 
»  and  of  silver  nitrate,  AgNO^,  and  their  decomposition,  will  be 
Jily  understood  from  these  examples. 

^•4    TrmosmlssioBs  oireoted  byttie  mtrrent. — In  chemical  decomposi- 
d  by  the  battery  there  is  not  merely  a  separation  of  the  elements, 
e  of  the  one  to  the  positive  and  of  the  other  to  the  negative 
This    phenomenon 

limited  by   Davy  by  -^      -         * _C_ 

109  of  several   experiments, 
'^  which  the  two  following  are 

i.  H<?  placed  solution   of  so- 

Bm   suJphate  in  two  capsules 

Deded    by    a    thread  of  as- 

taiot  moistened  with  the  same 

ivtiofi,     and     immersed     the  J  »  *.- 

liiliw  electrode  in  one  of  the  capsules,  and  the  negative  electrode  in  the 

kw.     The  salt  was  decomposed,  and  at  the  expiration  of  some  time  all  the 

^oric  acid  was  found  in  the  first  capsule,  and  the  soda  in  the  second, 

,  ^^8*  Having  taken  three  glasses,  A,  B,  and  C  'fig.  752),  he  poured  into  the 

^^  Mlution  of  sodium  sulphate,  into  the  second  dilute  syrup  of  violets^ 

ioio  the  third  pure  water,  and  connected  them  by  moistened  threads 
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of  asbestos.  The  current  was  then  passed  in  the  direction  from  C  to  A. 
The  sulphate  in  the  vessel  A  was  decomposed,  and  in  the  course  of  time 
there  was  nothing  but  soda  in  this  glass,  which  formed  the  n^atire  end, 
while  all  the  acid  had  been  transported  to  the  glass  C,  which  was  positiie 
If,  on  the  contrary,  the  current  passed  from  A  to  C,  the  soda  was  found  idC 
while  all  the  acid  remained  in  A  ;  but  in  both  cases  the  remarkable  phcnih 
menon  was  seen  that  the  syrup  of  violets  in  B  neither  became  red  nor 
green  by  the  passage  of  the  acid  or  base  through  its  mass,  a  phenomeDOO  tk 
explanation  of  which  is  based  on  the  hypothesis  enunciated  in  the  foUoviqc 
paragraph. 

845.  Cta^tliftss's  taypotl&esls. — Grothiiss  has  given  the  following  ezpb- 
nation  of  the  chemical  decompositions  effected  by  the  batter>'.     Adopting  tk 
hypothesis  that  in  every  binary  compound,  or  body  which  acts  as  such,  oK 
of  the  elements  is  electropositive,  and  the  other  electronegative,  he  assooKi 
that,  under  the  influence  of  the  contrary  electricities  of  the  electrodes,  thot 
is  effected,  in  the  liquid  in  which  they  are  immersed,  a  series  of  successive 
decompositions  and  recompositions  from  one  pole  to  the  other.     Hence  it  ii 
only  the  elements  of  the  terminal  molecules  which  do  not  recombioe,  ht 
remaining  free  appear  at  the  electrodes.    Water,  for  instance,  is  fonnedrf 
one  atom  of  oxygen  and  two  atoms  of  hydrogen  \  the  first  gas  being  eiedi»> 
negative,  the  second  electropositive.     Hence  when  the  liquid  is  tra\'ersed  ly  \ 
a  sufficiently  powerful  current,  the  molecule  a  in  contact  with  the  posin*  i 
pole  arranges  itself  as  shown  in  fig.  753 — that  is,  the  oxygen  is  attracted  ai 
the  hydrogen  repelled.     The  oxygen  of  this  molecule  is  then  given  offal  tk 
positive  electrode,  the  liberated  hydrogen  immediately  unites  with  the  oxyj* 
of  the  molecule  ^,  the  hydrogen  of  this  with  the  oxygen  of  the  molecuk  •• 
and  so  on,  to  the  negative  electrode,  where  the  last  atoms  of  h>-dn^ 
become  free  and  appear  on  the  poles.     The  same  theor>*  applies  Vi  ^ 
metallic  oxides,  to  the  acids  and  salts,  and  explains  why  in  the  expcriint*  j 

mentioned  in  the  preceding  p**  | 
^=^^~T     ]  graph  the  syrup  of  violets  in  • 

O      ..      .♦    _.♦  -  .♦-il  vessel  B  becomes  neither  redo*  I 
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green.      The   reason    why,  in  i* 
fundamental    experiment,  the  kj* 
drogen  is  given  off  at  the  XitgSS^ 
^*^"  ^^^'  pole  when  the  circuit  is  cloie»i«^ 

be  readily  understood  from  a  consideration  of  this  hypothesis. 

Clausius  objects  that  according  to  this  theor>',  a  ver>-  great  force  vs^ 
be  required  for  overcommg  the  affinity  for  each  other  of  the  oppos*^. 
electrolysed  particles  of  the  compound  ;  and  that  below  a  certain  minisw** 
strength  of  current  no  decomposition  could  occur.  Now  Buff  has  shown  '-^ 
the  action  of  even  the  feeblest  currents  continued  for  a  long  time  can  ?f* 
duce  decomposition.  Again,  when  the  necessar>'  strength  of  thccuntflt* 
obtained,  it  should  be  sudden  and  complete  ;  whereas  we  know  it  tobep'*' 
portional  to  the  strength  of  the  current. 

To  overcome  this  difficulty  Clausius  applies  the  lheor>'  now  i^esC^-J 
admitted  of  the  constitution  of  liquids  (292).  The  'particles  of  a  comfw-** 
liquid  have  not  the  rigid  unalterable  condition  of  a  solid  body  :  ihc>  i^c  --J 
perpetual  state  of  separation  and  reunion,  so  that  we  must  suppose  cornp*^ 
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^Bnd  their  elementary  constituents  to  coexist  with  each  other  in  a  liquid. 
^■B[^  instance,  contains  particles  of  water^  together  with  particles  of 
^PHH  of  hydrogen ;  the  former  are  being  continually  decomposed  and 
latter  continually  reunited.  When  the  voltaic  current  passes  it  acts  on 
motion  of  the  molecules  in  such  a  manner  that  the  negatively  electrical 
ides  of  oxygen  pass  to  the  positive  electrode,  and  the  positively  clec- 
J  particles  of  hydrogen  to  the  negative  electrode.  Hence  the  current 
not  bring  about  the  decomposition,  but  utilises  it,  to  give  definite 
cdon  to  the  particles  which  are  already  separated. 
D  dealing  with  molecular  magnitudes,  theoretical  investigations  make  it 
lable  tliai  the  electrolytic  resistance,  which  the  molecules  experience  in 
■  being  moved  by  the  current,  is  of  the  same  order  of  magnitude  as  the 
llary  resistance  which  results  from  their  friction  in  the  liquid  (147). 
ling  is  opposed  to  the  idea  that  electrolysis  is  a  purely  mechanical  pro- 

P  Decomposition  occurs  in  the  first  place  by  dissociation  ;  the  differ- 
f  potential  is  the  force  in  virtue  of  which  the  previously  united  mole- 
arc  urged  in  contrary'  directions.  The  moving  molecules  are  the 
icrs  of  the  motion  of  electricity  and  produce  the  current ;  the  resistance 
:h  they  thereby  experience  is  the  electrical  resistance  of  the  liquid.  This, 
cforc,  is  the  cause  of  the  development  of  heat  in  the  circuit. 
rhese  considerations  explain  why  the  conductivity  of  a  liquid  increases 
the  temperature  (958) ;  for  the  velocity  of  the  molecules  (294)  and  the 
ber  of  the  partial  molecules  are  thereby  increased.  It  also  shows  that  the 
lliclivity  should  increase  with  the  concentration  of  the  liquid,  seeing  that 
Ml  Dttmber  of  decomposable  molecules  must  be  favourable  to  the  move- 
I  ei  electricity.  On  the  other  hand,  an  increase  in  the  number  must 
fwiag  to  the  increased  number  of  collisions ;  hence  it  is  that^  though 
COfidtietivity  increases  with  the  concent  rat  ion*  it  does  so  more  slowly 
in  direct  ratio,  and  it  is  not  diflicuh  to  understand  that  for  some  liquids 
ulllltim  concentration  corresponds  to  a  maximum  conductivity. 
|&  Saw  or  cleotroly«lji.— The  laws  of  electrolysis  were  discovered 
kraday  ;  tlic  most  important  of  them  are  as  follows  : — 
i  El€£irpiyui  cannot  take  fi/ni^e  unkss  (he  eUctrolyit  is  a  conductor. 
oe  ice  is  not  decomposed  by  the  battery,  because  it  is  a  bad  conductor. 
ST  bodies,  such  as  lead  oxide,  silver  chloride,  etc.,  arc  only  electrolysed 
toed  stale— that  is,  when  they  can  conduct  the  current, 
U  Tk€  energy  of  the  electrolytic  action  of  the  airrcnt  is  the  mm€  in  eUl 
WU. 

[J«  Till*  same  quantity  of  electricity — that  is^  the  same  electric  current — 

f^MfS  chemical  I y  effuivalent  quantities  of  all  the  bodies  which  it  tra* 

6f  ;  frcwn  which  it  follows,  that  the  waghts  of  elements  separated  in  th^se 

r^Xiei  are  to  each  other  as  their  chemical  equivalents. 

El  a  circuit  containing  a  voltameter,  V,  Faraday  introduced  a  tube,  AB, 

litijfig  tin  chloride  kept   in  a  stale  of  fusion  by  the  heat  of  a  spirit 

In  the  boltom^of  this  the  negative  pole  was  fused^  while  th« 

ji  consisted  of  a  rod  of  graphite  ;  when  the  current  pa^ised 

liberated  at  the  positive,  while  tin  collected  at  ihc  negative 

vc  manner  lead  oxide  was  electrolysed  imd  yielded  lead  at  the 

uve  4iiid  oxygen  ftt  the  positive  pole.     Comparing  the  quantities  of 
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substances  liberated,  they  are  found  to  be  in  a  certaEB  defioitt  n 
Thus  for  every  i8  parts  of  water  decomposed  in  the  wtrfunlri  tki 
be  liberated  2  parts  of  hydrogen,  207  parts  of  lead,  aztd  c  17  of  tin 
respective  n^ative  electrodes,  and  16  pans  of  ox>-gen,  and  71  or  2 


Fig- 754. 
parts  of  chlorine  at  the  corresponding  positive  electrodesw  Now  dies 
bers  are  exactly  as  the  equivalents  (not  as  the  atomic  weights  of  the 
It  will  further  be  found  that  in  each  of  the  cells  of  the  battenr  65  p 
weight  of  zinc  have  been  dissolved  for  evcr>'  two  pans  b>-  weight  of  bj 
liberated  ;  that  is,  that  for  every  equi\'alcnt  of  a  substance  decompose 
circuit  one  equivalent  of  zinc  is  dissoh-cd.  This  is  the  case  whatevei 
number  of  cells.     An  increase  in  the  number  onl>-  has  the  effect  < 

coming  the  great  resistance  whid 
electrolytes  oflfer,  and  of  acceleni 
decomposition.  It  does  not  incn 
quantity  of  electroNte  decompos 
in  any  of  the  cells  more  than  65 
zinc  are  dissolved  for  ever\-  two  ; 
hydro^^en  liberated,  this  arises  froi 
advantageous  local  action  :  and  tl 
perfect  the  batten*,  the  more  neai 
it  approach  this  ratio. 

If  the  current  be  passed  in  sue 
through  a  series  of  oxides  and  of 
oxides,  it  is  found  thai  equivalent 
metalloids,  and  not  of  the  meta 
separated. 

W.  It  follows  from  the  alw 
that  f/u  quantity  of  a  body  dfcoa^ 
a  given  time  is  proportional  to  tki  J3 
0/  the  current.  On  this  is  found 
use  of  Faraday's  voltameter^  in  wh 
intensity*  of  a  current  is  ascertaine 
the  quantity  of  water  which  it  decomposes  in  a  given  time. 

A  convenient  form  of  this  instrument  is  that  represented  in  fig.  75: 
vessel  a  is  that  in  which  the  water  is  decomposed,  and  contains  two  pi 
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d  is  in  connection  with  the  flask  ^,  which  contains  water.  In  this 
al  delivery  tube,  Cy  which  is  inclined  until  the  level  of  the  liquid  in 
ime  as  in  the  funnel  tube  n.  The  air  is  then  under  the  same  pres- 
le  atmosphere.  When  the  battery  is  connected  with  the  decom- 
11  a,  the  gases  disengaged  expel  a  corresponding  volume  of  water 
he  delivery  tube  c ;  at  the  conclusion  of  the  experiment,  this  tube 
d  until  the  liquid  is  at  the  same  level  in  the  tube  /f,  and  in  the 
le  weight  of  the  liquid  expelled  is  then  a  direct  measure  of  the 
f  the  disengaged  gases. 

se  of  this  voltameter  appears  simple  and  convenient ;  and  hence 
sicists  have  proposed  as  unit  of  the  strength  of  current^  that  cur- 
:h  in  one  minute  yields  a  cubic  centimetre  of  mixed  gas  reduced 
perature  o°  and  the  pressure  760  mm.  This  is  Jacobs s  unit.  It 
0  009567  ampere.  Yet,  for  reasons  mentioned  before  (841),  the 
lents  should  be  based  on  the  volume  of  hydrogen  liberated, 
ndorff's  silver  voltameter,  fig.  756,  is  an  instrument  for  measuring 
jth  of  the  current.     A  solution  of  silver  nitrate  of  known  strength 

in  a  platinum  dish  which  rests 
»s  plate  that  can  be  connected 
negative  pole  of  the  battery  by 

the  binding  screw  b.  In  this 
ips  the  positive  pole,  which  con- 
rod  of  silver  w/apped  round  with 
nd  suspended  to  an  adjustable 
When  the  current  passes,  silver 

at  the  negative  pole,  and  is 
dried,  and  weighed  ;  and  the 
us  produced  in  a  given  time  is 
rcurate  measure  of  the  strength 
jrrent.  Some  silver  particles 
»  apt  to  become  detached  from 
ive    pole    are    retained    in    the 

been  found  by  experiment  that, 
ter  is  decomposed,  a  current  of 
*   liberates  000001045  gramme 

cc.  of  hydrogen  in  a  second  ; 
I,  is  the  electrochemical  equiva- 
ydrogen,  and  from  this  we  can  ^**5'  ^s^. 

le  weight  of  any  element  liberated  in  the  same  time  by  unit  current 
tiply  it  by  the  equivalent  (not  atomic)  weight  of  the  element  referred 
:cn.  The  equivalent  of  silver  is  usually  taken  at  108  ;  hence,  if  any 
is  are  decomposed,  the  weight  of  silver  liberated  by  an  ampere  in 

is  0001 1286  gramme;  this  is  the  electrochemical  equivalent  of 
i  similarly  that  of  copper  is  o*ooo;53r3. 

urrent  from  the  electrical  machine,  which  is  of  very  high  potential, 
J  of  traversing  any  electrolyte,  but  the  quantity  which  it  can  decom- 
trcmely  small  as  compared  with  even  the  smallest  voltaic  apparatus, 
ijuantity  of  electricity  developed  by  the  frictional  machine  is  very 
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small  as  compared  with  that  developed  by  chemical  action.  It  has  been 
calculated  by  Weber,  that  if  the  quantity  of  positive  electricity  required  to 
decompose  a  grain  of  water  were  accumulated  on  a  cloud  at  a  distance  of 
3,000  feet  from  the  earth's  surface,  it  would  exert  an  attractive  force  upon 
the  earth  of  upwards  of  i,Soo  tons. 

846a.  Migration  of  tlie  Ions. — From  what  has  been  said,  it  would  se«m 
that  when  a  solution  of  copper  sulphate  is  electrolysed  between  copper  dec- 
trodes,  for  every  equivalent  of  copper  deposited  at  the  negative  clearodf, 
an  equivalent  weight  should  be  dissolved  at  the  positive,  and  the  transfer 
taking  place  as  described,  the  concentration  of  the  solution  should  remaiD 
unchanged.  This,  however,  is  not  the  case ;  when  the  operation  takes 
place  without  any  agitation  of  the  solution,  the  liquid  about  the  negative 
pole  becomes  lighter  in  colour,  indicating  that  the  solution  there  is  weaker. 

This  phenomenon,  which  was  investigated  by  Hittorf,  is  ascribed  by  him 
to  the  fact  that  in  electrolysis  the  ions  or  products  of  electrolytical  dccoo- 
position  travel  in  the  liquid  with  unequal  velocities,  each  ion  having  a  spedal 
velocity  in  the  liquid,  and  this  transference  is  called  the  migrcUion  of  tk 
ions.  The  number  which  expresses  the  rale  of  travel  is  called  w,  and  lutf 
this  meaning :  let  us  conceive  a  vertical  layer  in  the  liquid  the  concentram 
of  which  remains  unchanged ;  then,  if  after  electrolysis  we  determine  ibe 
quantity  of  the  constituents  on  each  side,  there  is  an  increase  of  the  positivt 
on  one  side  and  of  the  negative  on  the  other.  The  number  n  expressei 
then  the  ratio  of  the  number  of  molecules  of  the  anion  which  passes  throejb 
this  imaginary  layer  in  a  given  time  to  that  of  the  electrolyte  decomposed 

847.  Comparison  between  tlie  tangent  ffalranometer  and  tlie  Ttili* 
meter. — There  are  several  objections  to  the  use  of  the  voltameter.  In  the 
first  place,  it  does  not  indicate  the  strength  at  any  given  moment,  for  in  rrdff 
to  obtain  measurable  quantities  of  gas  the  current  must  be  continued  for  some 
time.  Again,  the  voltameter  gives  no  indications  of  the  changes  which  take 
place  in  this  time,  but  only  the  mean  intensity.  It  offers  also  great  resista.TC«» 
and  can  thus  only  be  used  in  the  case  of  strong  currents  ;  for  such  ojntnts 
either  do  not  decompose  water,  or  only  yield  quantities  too  small  for  aa'cra* 
measurement.  In  addition  to  this,  the  indications  of  the  voltameter  depend 
not  only  on  the  strength  of  the  current,  but  on  the  acidit>'  of  the  water,  ifli 
on  the  distance  and  size  of  the  electrodes.  But  although  it  does  not  meostn* 
the  strength  of  the  current  at  any  one  time,  it  does,  apart  from  acridenui 
influences,  give  a  measure  of  the  total  quantity  of  electricity  that  has  pasff^ 
within  the  period  of  observation. 

The  magnetic  measurements  are  preferable  to  the  chemical  ones.  N* 
only  are  they  more  delicate  and  offer  less  resistance,  but  they  pve  il* 
strength  at  any  moment.  On  the  other  hand,  indications  furnished  bytbf 
tangent  galvanometer  hold  only  for  one  special  instrument.  They  **? 
with  the  diameter  of  the  ring  and  the  number  of  turns  ;  moreo\fr.  ^ 
and  the  same  instrument  will  give  different  indications  on  different  ]^^ 
seeing  that  the  force  of  the  earth's  magnetism  v.iries  from  one  pUf  * 
another  (701). 

The  indications  of  the  two  instruments  may,  however,  be  reaciiJv  •^'^^ 
pared  with  one  another.  For  this  purpose  the  voltameter  and  the  ri--'*'' 
galvanometer  are  simuitaneousiy  inserted  in  the  circuit  of  a  batter)-.  J"-  '^^ 
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tion  of  the  needle  and  the  amount  of  gas  liberated  in  a  given  time  are 
In  one  set  of  experiments  the  following  results  were  obtained : — 


Camber  of  Elements 

Deflection 

Gas  liberated  in  three  minutes 

12 
8 
6 

3 
2 

28-5° 

248 
220 
1375 

6-9 

1 2  sec. 
106 

93 

56 

24 

we  divide  the  tangents  of  the  angles  into  the  corresponding  volumes  of 
berated  in  one  minute,  we  should  obtain  a  constant  magnitude  which 
•ents  how  much  gas  is  developed  in  a  minute  by  a  current  which  could 
cc  on  the  tangent  galvanometer  the  deflection  4S°,  for  tang.  45®  -  1. 
tig  this  calculation  with  the  above  observations,  we  obtain  a  set  of 
y  agreeing  numbers  the  mean  of  which  is  76-5.   The  gas  was  measured 

•  a  pressure  of  737  mm.  and  at  a  temperature  of  1 5%  and  therefore 

•  normal  conditions  (332)  its  volume  would  be  70  cubic  centimetres. 
is  to  say,  this  is  the  volume  of  gas  which  corresponds  to  a  deflection 
'.     Hence  in  chemical  measure  the  strength  C  of  a  current  which  pro- 

in  this  particular  tangent  galvanometer  a  deflection  of  </)°  is 

C  =  70  tang.  <^. 

w  instance,  supposing  a  current  produced  in  this  tangent  galvanometer 
ectionof  S4°»  this  current,  if  it  passed  through  a  voltameter,  would 
ite  in  a  minute  70  x  tang.  54**  -  70  x  i  -376  -  96*32  cubic  centimetres  of 

once  the  reduction  factor  for  a  tangent  galvanometer  has  been  deter- 
1,  the  strength  of  any  current  may  be  readily  calculated  in  chemical 
ure  by  a  simple  reading  of  the  angle  of  deflection.  This  reduction  factor 
jTsc  only  holds  for  one  special  instrument,  and  for  experiments  in  the 

place,  seeing  that  the  force  of  the  earth's  magnetism  varies  in  different 
s. 

he  indications  of  the  sine-compass  may  be  compared  with  those  of  the 
aometer  in  a  similar  manner. 

|8.  yolmrisatioii. — When  the  platinum  electrodes,  which  have  been 
to  decomposing  water,  are  disconnected  from  the  battery,  and  connected 
a  galvanometer,  the  existence  of  a  current  is  indicated  which  has  the 
site  direction  to  that  which  had  previously  passed.  This  phenomenon 
plained  by  the  fact  that  oxygen  has  been  condensed  on  the  surface  of  the 
hre  plate,  and  hydrogen  on  the  surface  of  the  negative  plate,  analogous 
lat  has  been  already  seen  in  the  case  of  the  nonconstant  batteries  (806). 
effect  of  this  is  to  produce  two  different  electromotors,  which  produce  a 
nt  opposed  in  direction  to  the  original  one,  and  which,  therefore,  must 
:en  it.  As  the  two  electrodes  thus  become  the  poles  of  a  new  current, 
arc  said  to  be  polarised^  and  the  current  is  called  a  polarisation  current. 
polarisation  is  not  instantaneous,  but  may  increase  continuously  from 
to  a  certain  maximum  limit  which  may  be  considerable  ;  it  increases 
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with  the  strength  of  the  current,  attaining  the  force  of  2-6  volts  with 
plates  in  dilute  sulphuric  acid.  It  constitutes  a  negative  electronic 
and  must  be  allowed  for  in  Ohm's  formula. 

The  quantity  of  electricity  required  to  produce  a  given  state  of 
tion  depends  on  the  condition  and  dimensions  of  the  plate,  aik 
called  the  capacity  of  polarisation  relative  to  the  given  system. 

849.  Secondary  batteries. — Ritter  was  the  first  to  show  tha 
principle  batteries  might  be  constructed  of  pieces  of  metal  of  the  s 
— for  instance,  platinum — which  otherwise  give  no  current.  A 
moistened  cloth  is  interposed  between  each  pair,  and  each  en 
system  is  connected  with  the  poles  of  a  battery.  After  some  time 
ratus  has  received  a  charge,  and  if  separated  from  the  battery  can  : 
duce  all  the  effects  of  a  voltaic  battery.  Such  batteries  are  called . 
batteries.  Their  action  depends  on  an  alteration  of  the  surface  of 
produced  by  the  electric  current,  the  constituents  of  the  liquid  w 
the  cloth  is  moistened  having  become  accumulated  on  the  opposite 
the  circuit. 

Plants  first  showed  the  practical  importance  of  these  batteries, 
ment  (fig.  757),  is  constructed  as  follows  :  A  broad  strip  of  sheet  le 

tongue  is  laid  upon 
similar  sheet,  conti 
prevented  by  nam 
of  felt  ;  and  two 
strips  having  been 
the  upper  piece,  tl 
are  rolled  together 
form  a  compact 
This  is  placed  in 
containing  dilute  \ 
acid,  and,  being  o 
by  wires  attached 
tongues  with  a  battery  of  two  Grove's  cells,  a  current  is  passed  tl 
The  effect  of  this  is  that  water  is  decomposed,  oxygen  being  lib 
the  anode,  or  plate,  which  serves  as  positive  pole,  and  there  un 
the  lead,  forming  peroxide  of  lead,  while  hydrogen  is  accumulate 
other  plate.  If  now  the  plates  are  detached  from  the  charging  bat 
are  connected  with  each  other,  a  powerful  polarisation  current  is  | 
in  the  opposite  direction  to  the  primar>' :  the  oxygen  of  the  peroxi< 
anode  decomposes  the  dilute  acid,  combining  with  its  hydrogen 
travels  through  to  the  other  plate,  where  it  combines  with  the  lead 
these  operations  arc  repeated  several  times  the  activity  of  the  clc 
creases,  owing  in  great  measure  to  the  alteration  in  the  surfaces 
thereby  produced.  The  element  does,  in  fact,  require  some  time  an* 
to  charge  it.  Faure  has  made  an  improvement  in  this  direction. 
sists  in  coating  the  lead  plates  with  a  thick  paste  of  red  lead,  PbjO^ 
have  about  one  gramme  to  the  square  centimetre.  This  is  kept  in  i 
by  a  sheet  of  parchment  paper  and  shps  of  felt,  and  is  then  coile 
in  Plante's  (fig.  757).  When  the  current  is  passed,  the  uhimate 
that  the  red  lead  at  the  one  electrode  is  oxidised  to  Pb^O^,  and  du 
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er  into  metallic  lead  in  the  fonn  of  a  sponge,  which  therefore  exposes  a 

«ter  surface. 

The  inverse  electromotive  force  of  such  a  couple  is  about  2 J  times  that  of 
Oanicll's  cell»  so  that  three  Daniell's  or  two  Grove*s 

Is  are  required  to  charge  it     In  charging^^  a  con- 

erable  number  of  elements  arc  joined  together  by 

ir  similar  poles,  and  connected  with  the  respective 
fecrtrodcs  of  the  charging  battery ;  the  effect  is  the 
kioae  as  that  of  using  a  single  clement  of  a  surface 
p^y  to  the  sum  of  the  surfaces  of  all  the  elements. 
>y  means  of  a  specially  contrived  commutator  they 
nay  be  arranged  tandem,  and  then  discharged,  and 
this  way  very  high  potentials  can  be  obtained.  So 
long  as  such  batteries  could  be  charged  only  from  a 
ToJtaic  batter>'  they  could  never  be  economical  ;  but 
the  fact  that  after  having  been  once  charged  ihey 
tetain  the  charge  for  a  considerable  lime,  has  led  to 
rtbietr  use  in  what  is  called  'storing  cleclriciiy*  pro- 

Kby  mechanical  power  through  the   agency  of 
0  and  magneto-electrical  machines.    WTiat  they 
toll  to  store  the  products  of  chemical  decomposition,  and  that  in  a  fonn 
10  »hich  they  arc  immediately  available  for  electrical  effects. 

The  following  experiments  will  give  a  fair  idea  of  the  results  produced 
^  thf if  means.  A  battery  of  thirly*five  cells,  each  weighing  nearly  44  kilog., 
wu  coTmecicd  with  a  Siemens  dynamo  machine  (918),  in  working  which  one 
bne  power  was  employed  during  thirty- five  hours.  When  this  was  dis- 
fiarjred  through  eleven  Maxim's  lamps,  these  were  kept  lighted  for  10  hours 
<o  minutes.  The  measured  work  transmitted  to  the  dynamo  machine  in  that 
tunc  was  9,57o>,ooo  kilogrammetrcs  (6r).  This  accumulated  in  the  battery  an 
isocmt  of  electric  energy  of  6,382,000  kgm^  «t*  7«  P^r  c^ni.  While  the 
r  wa«  being  discharged  it  yielded  3,809,000,  or  60  per  cent,  of  the  work 
tn  the  form  of  electricity,  which  is  therefore  equivalent  to  40  per  cent, 
iif  ifee  work  transmitted  to  the  dynanio  machine. 

Is  appears  that  each  kilogramme  weight  of  battery — that  is, 
t  the  lead  and  coating,  together  with  the  acid,  requires  a  work  ( 
^17  inlogrammctrcs  to  charge  it,  and  yields   2,500  kgm,  in  the  form  of 
Wtridty.   Each  of  the  above  lamps  gave  a  light  equal  to  1*4  Carcel  lamps- 
_  iindmfd  lamp  much  used  in  France  and  equal  to  7*4  standard  candles  (Sog).! 
Tlili thrrcfore,  is  equal  to  1,214  candles  for  one  hour;  hence  this  represents] 
llJJ  k|fm.  per  hour  per  candle,  which  is  equal  to  0*012  of  a  horse  power,  \ 
tnimtnt  of  energy  equal  to  one  horse-power  in  the  accumulator  would 
duce  S3  candles ;  so  that  one  horse-power  in  the  engine  is  equivalent  to 
production  of  33  atndles  when  worked  tlirough  a  batter>*  of  this  kind 
Many  instructive  comparisons  may  be  made  between  a  secondary  bat- 
md  a  charged  Le^*den  jar.     Thus,  for  instance,  when  the  poles  ©f  4 
battery  have  been  connected  until  no  current  pa^ises,  and  are 
disconnected  for  a  while,  a  current  in  the  same  >   :ii  the  first  iSd 

ocd  tm  a^in  connecting  them;  this  is  the  r.  uhargt.    Th*« 

^■fodty  of  a  secondary  battery  depends  on  the  area  of  the  electrodes,  on 


Iheir  nature,  and  on  that  of  the  interposed  liquid,  but  not  on  tbe  dbtazice 
between  them.   The  energy  of  the  Ley  den  jar  is  stored  in  that  state  oC 
which  is  called  polarisation  of  the  dielectric  ;  in  the  secondar)*  tiati 
energy  consists  in  the  products  which  are  stored  up  oo  the  sur^ce 
electrodes  in  a  state   ranging  from  chemical  combination  to 
adherence  or  simple  juxtaposition. 

A  dry^  pile  which  has  become  inactive  may  be  used  as  a  secondiff 
battery.  When  a  current  is  passed  through  it,  in  a  direction  cootnuy  to  tlitf 
which  the  active  batteiy  yields,  it  then  regains  its  activity, 

850.  Oretre**  gits  battery, — On  the  property,  which  metals  have,  of  a»- 
densing  gases  on  their  surfaces.  Grove  constructed  his  i^as  battery^  ^.  75! 

i    single   ct£ 

consists  di  tm 

glass  tubes,  B 

nnd  A,  tn  ad 

i      wbidi    ii 


num.  One  of  the  tubes  is  partially  filled  with  hydrogen*  and  llie  other | 
with  oxygen,  and  they  are  inverted  over  dilute  sulphuric  add,  ; 
the  platinum  is  in  the  liquid  and  half  in  gas.  On  connecting  the  < 
with  a  galvanometer,  the  existence  of  a  current  is  indicated  whose  i 
in  the  connecting  wire  is  from  tlie  platinum  in  oxygen  to  that  In  j 
so  that  the  latter  is  negative  towards  the  former.  As  the  carrcoc  1 
through  water  this  is  decomposed  ;  oxygen  is  separated  at  the  posicrit| 
and  hydrogen  at  the  other.  These  gases  unite  with  the  gascf  < 
their  surface,  so  that  the  volume  of  gas  in  tlie  tube^  graditaQf  i 
but  in  the  ratio  of  one  volume  of  oxygen  to  two  volumes  of  hydnafen. 
elements  can  be  formed  into  a  battery  (fig,  710)  by  joimng^  the  '" 
plates  with  one  another  just  as  they  are  joined  in  an  ordinary  battery. 
clement  of  such  a  battery  is  sufficient  to  decompose  potassioDi  iodide,! 
four  will  decompose  water. 

851.  FaMlF«  atate  of  Iron.— With  polarisation  is  probabl^ri 
er>'  remarkable  chemical  phenomenon,  which  many  mctaJs  exhibit,  btfl  1 
specially  iron.     When  tliis  is  immersed  in  concentrated  nitric  icmI  ^\ 
imat tacked.     This  condition  of  iron  is  called  the  p^ssivi  limU^  ami 
depends  the  possibility  of  the  rinc-iron  battery  ($10).     It  b  prntebfe  1 
the  above  experiment  a  thin  superficial  layer  of  protosesquioxide  of  a< 
formed,  which  is  then  negative  towards  platinum. 
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853.  jrobiii's  ringv. — When  a  drop  of  acetate  of  copper  is  placed  on  a 
silver  plate,  and  the  silver  is  touched  in  the  middle  of  a  drop  with  a  piece 
of  zinc,  there  are  formed  around  the  point  of  contact  a  series  of  copper  rings 
alternately  dark  and  light.  These  arc  Nobz'lfs  coloured  rings.  They  may 
be  obtained  in  beautiful  iridescent  colours  by  the  following  process  :  A  solu- 
tion of  lead  oxide  in  potash  is  obtained  by  boiling  finely  powdered  litharge 
in  a  solution  of  potash.  In  this  solution  is  immersed  a  polished  plate  of 
silver  or  of  German  silver,  which  is  connected  with  the  positive  electrode  of 
a  battery  of  eight  Bunsen's  elements.  With  the  negative  pole  is  connected 
a  fine  platinum  wire  fused  in  glass,  so  that  only  its  point  projects  ;  and  this 
is  placed  in  the  liquid  at  a  small  distance  from  the  plate.  Around  this  point 
binoxide  of  lead  is  separated  on  the  plate  in  ver>'  thin  concentric  layers,  the 
thickness  of  which  decreases  from  the  middle.  They  show  the  same  series 
of  colours  as  Newton's  coloured  rings  in  transmitted  light.  The  binoxide  of 
lead  owes  its  origin  to  a  secondar>'  decomposition  ;  by  the  passage  of  the 
current  some  lead  oxide  is  decomposed  into  metallic  lead,  which  is  depo- 
sited at  the  negative  pole,  and  oxygen  which  is  liberated  at  the  positive ;  and 
this  oxygen  combines  with  some  oxide  of  lead  to  form  bioxidc,  which  is 
deposited  on  the  positive  pole  as  the  decomposition  proceeds. 

The  cftects  are  also  well  seen  if  a  solution  of  copper  sulphate  is  placed 
on  a  silver  plate,  which  is  touched  with  a  zinc  rod,  the  point  of  which  is 
in  the  solution  ;  for  then  a  current  is  formed  by  these  metals  and  the  liquid. 
853.  Arbor  Satiinii,  or  lead  tree.  Arbor  Blanae.  -When,  in  a  solu- 
tion of  a  salt,  is  immersed  a  metal  which  is  more  oxidisable  than  the  metal 
of  the  salt,  the  latter  is  precipitated  by  the  former,  while  the  immersed  metal 
is  substituted  equivalent  for  equivalent  for  the  metal  of  the  salt.  This  pre- 
cipitation of  one  metal  by  .inothcr  is  partly  attributable  to  the  difference 
in  their  affinities,  and  partly  to  the  action  of  a  current  whirh  is  set  up  as 
soon  as  a  portion  of  the  less  oxidisible  metal  has  been  tleposited.  The 
*ction  is  promoted  by  the  presence  of  a  slight  excess  of  acid  in  the  solution. 
A  remarkable  instance  of  the  precipitati<m  of  one  metal  by  another  is 
the  Arbor  Saturni,  This  name  is  j^ivcn  to  a  scries  of  brilliant  ramified 
ciystallisations  obtained  by  zinc  in  solutions  of  lead  a'ctate.  A  glass 
flask  is  filled  with  a  clear  solution  of  this  salt,  and  the  vessel  closed  with  a 
art,  to  which  is  fixed  a  piece  of  zinc  in  contact  with  ^ome  copper  wire. 
The  flask,  being  closed,  is  left  to  itself.  The  copper  wire  at  onre  begins  to 
he  covered  with  a  moss-like  growth  of  metallic  Icid,  out  of  which  brilliant 
oystallised  lamina:  of  the  same  metal  continue  to  form;  the  whole  pheno- 
menon has  great  resemblance  to  the  growth  of  vegetation,  from  which  indeed 
^  old  alchemical  name  is  derived.  For  the  same  rcas«)n  the  name  arbor 
^^tF  has  been  given  to  the  metallic  deposit  produced  in  a  similar  manner 
^mcrcur>'  in  a  solution  of  silver  nitrate. 
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ELECTROMETALLURGY. 

854.  aiaetrometalliiriry. — The  decomposition  of  salts  by  U 
nas  received  a  most  important  application  in  electrometcUlurgy^  oi 
plastics^  or  the  art  of  precipitating  certain  metals  from  their  sol 
the  slow  action  of  a  galvanic  current,  by  which  means  the  salts 
metals  are  decomposed,  the  metal  being  deposited  on  the  nega 
while  the  acid  is  liberated  at  the  positive.  The  art  was  discon 
pendently  by  Spencer  in  England  and  by  Jacobi  in  Petersburg. 

In  order  to  obtain  a  galvanoplastic  reproduction  of  a  medal  or 
object,  a  mould  must  first  be  made,  on  which  the  layer  of  metal  is 
by  the  electric  current. 

For  this  purpose  several  substances  are  in  use,  and  one  or 
is  preferred  according  to  circumstances.  For  medals  and  simil 
which  can  be  submitted  to  pressure,  gutta-percha  may  be  used  wi 
tage.  The  gutta-percha  is  softened  in  hot  water,  pressed  against  t 
to  be  copied,  and  allowed  to  cool,  when  it  can  be  detached  withoot 
For  the  reproduction  of  engraved  woodblocks  or  type,  wax  m 
now  commonly  used.  They  are  prepared  by  pouring  into  a  namm 
a  suitable  mixture  of  wax,  tallow,  and  Venice  turpentine,  which  is  1 
set,  and  is  then  carefully  brushed  over  with  very  finely  powdered 
While  this  composition  is  still  somewhat  soft,  the  woodblock  c 
pressed  upon  it  either  by  a  screw  press,  or,  still  better,  by  hydraulic 
If  plaster  of  Paris  moulds  are  to  be  made  use  of,  it  is  essential  tlu 
first  thoroughly  saturated  with  wax  or  tallow  so  as  to  become  imp< 
water. 

In  all  cases,  whether  the  moulds  be  of  gutta-percha  or  wax,  or 
conducting  substance,  it  is  of  the  highest  importance  that  the  s 
brushed  over  very  carefully  with  graphite,  and  so  made  a  good  c 
The  conducting  surface  thus  prepared  must  also  be  in  metallic  cof 
a  wire  or  a  strip  of  copper  by  which  it  is  connected  u-ith  the  nega 
trode.  Sometimes  the  moulds  are  made  of  a  fusible  alloy  (340),  w 
consist  of  5  parts  of  lead,  8  of  bismuth,  and  3  of  tin.  Some  of  tl 
alloy  is  poured  into  a  shallow  box,  and  just  as  it  begins  to  solidify,! 
is  placed  horizontally  on  it  in  a  fixed  position.  When  the  alloy  hs! 
cool,  a  slight  shock  is  sufficient  to  detach  the  medaL  A  copper  «i 
bound  round  the  edge  of  the  mould,  by  which  it  can  be  coane 
the  negative  electrode  of  the  battery,  and  then  the  edge  and  the 
covered  with  a  thin  non-conducting  layer  of  wax,  so  that  the  depoc 
formed  on  the  mould  itself. 

The  most  suitable  arrangement  for  producing  an  electro-deposit  < 
consists  of  a  trough  of  glass,  slate,  or  of  wood,  lined  with  indii-r 
coated  with  marine  glue  (fig.  759).  This  contains  an  acid  solutiooi 
sulphate,  and  across  it  are  stretched  copper  rods,  B  and  D,  connecte 
tively  with  the  negative  and  positive  poles  of  a  batter>*.  By  thdi 
conductors  the  moulds,  w,  are  suspended  in  the  liquid  from  the 
rod  B,  whilst  a  sheet  of  copper,  C,  presenting  a  surface  about  eqoi 
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j  tl)«  moulds  to  be  covered^  is  suspended  from  the  positive  rod  D,  at  the 

ktancc  of  about  2  inches^  directly  opposite  to  thcni, 

I     The  battery  employed  for  the  electric  deposition  of  metals  ought  to  be 

^^  of  great  constancy,  and  Daniell's  and  Smec's  arc  mostly  in  use.   The  cur- 

>»Hsof  electricity  furnished   by  ma^cto-electrical   machines  of  a  special 

^n^truaioQ  arc 

j»o     used      in 

^b  establi^h^ 

The  cop|3cr 
^te  suspended 
POSH  the  posi- 
ive  pole  serves 
^  double  pur- 
y^  it  not  only 
the  cur- 
E, but  it  keeps 
solution  in 
state  of  con* 

Dtratirm»  for  tiie  acid  liberated  at  the  positive  pole  dissolves  the  copper, 
\  reproduces  a  quantity  of  copper  sulphate  equal  to  that  decomposed  by 
Kurroit. 

Tj  and  very  simple,  process  for  producing  the  electric  deposit  of  i 

r  OOOsbts  in  making  use  of  what  is  in  effect  a  Daniell's  cell     A  porous 

•  a  gUss  cylinder  covered  at  the  bottom  with  bladder  or  with  vegetable 

at,  is  immersed  in  a  vessel  of  larger  capacity  containing  a  concen- 

1 8otutioD  of  copper  sulphate.     The  porous  vessel  contains  acidulated 

,  and  in  it  is  suspended  a  piece  of  amalgamated  line  of  suitable  fonn« 

ivbg  a  surface  about  equal  to  that  of  the  mould.   The  latter  is  at taclied 

|loattlaied  wire  connected  with  the  zinc^  and  is  immersed  in  the  solution 

sulphate  in  such  a  prosit  ion  that  it  is  directly  opposite  to  th€  { 

The  action  commences  by  the  mould  becoming  covered  with 

IT,  coalmen cing  at  the  point  of  contact  with  the  conductor,  and  gradu- 

increasing  in  thickness  in  proportion  to  the  action  of  the    DantelKs 

Dt  tht»  formed.    It  is  of  course  essential  in  the  process  to  keep  the  solu- 

kof  copper  sulphate  at  a  uniform  strength,  which  is  done  by  suspending 

» eraslifl  bags  filled  with  crystals  of  this  salt. 

How  great  is  the  delicacy  which  such  electric  deposits  can  attain  appears 
htlie  foct  that  galvanoplastic  copies  can  be  made  of  daguerreotypes,  which 
l<tf  llie  greatest  accuracy. 

$1$,  ato«tr«ffiuitiiir<— The  old  method  of  gilding  was  by  means  of 

It  w*as  effected  by  an  amalgam  of  gold  and  mercury,  which  was 

1  on  tbe  metal  to  be  gilt     The  objects  thus  covered  were  heated  in  a 

,  tha  mercury  volatilised,  and  the  gold  remained  in  a  very  thin  layer 

Ilia  objecti.    The  same  process  was  used  for  silvering  ;  but  they  wert 

and  unhealthy  methods,  and  have  now  been  entirely  replaced  by 

and  clcctrosilvering.      Elecirogilding  only  differs   from  tht 

\  dociibed  in  the  previous  paragraph  in  that  the  layer  is  thiiuiar  Md  < 

firmly.     Brugnatelli,  a  pupil  of  Volta,  appears  to  have  been 
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:he  lir^:,  ir.   i^-j,  t'  l-.,--.:.-.  e  :::a:  ^   ^Jv.y  .;ju„:  be  gilded  by  inta::>  :t  ".  _ -. 
battery  and  an  alkaline  solution  of  gold  ;  but  De  la  Rive  was  the  tirst  wbcrzr 
really  used  the  battery  in  gilding.    The  methods  both  of  gilding  and  sil\-er 
ing  owe  their  present  high  state  of  perfection  principally  to  the  improvt-  — 
ments  of  Elkington,  Ruolz,  and  others. 

The  pieces  to  be  gilt  have  to  undergo  three  processes  before  gilding. 

The  first  consists  in  heating  them  so  as  to  remove  the  fatty  matter  whk^ 
has  adhered  to  them  in  previous  processes. 

As  the  objects  to  be  gilt  are  usually  of  what  is  called  gilding  metal  or  reef 
brass,  which  is  a  special  kind  of  brass  rich  in  copper,  and  their  sni^or 
during  the  operation  of  heating  becomes  covered  with  a  layer  of  cupric  v 
cuprous  oxide,  this  is  removed  by  the  second  operation.     For  this  purpose 
the  objects,  while  still  hot,  are  immersed  in  vcr^-  dilute  nitric  acid,  wbor 
they  remain  until  the  oxide  is  removed.     They  are  then  rubbed  with  a  hn^ 
brush,  washed  in  distilled  water,  and  dried  in  gently  heated  sawdust 

To  remove  all  spots  the)'  must  undergo  the  third  process,  which  consils 
in  rapidly  immersing  them  in  ordinary*  nitric  acid,  and  then  in  a  mixture fl( 
nitric  acid,  bay  salt,  and  sooL 

When  thus  prepared  the  objects  are  attached  to  the  negative  pole  of  a 
batter>',  consisting  of  three  or  four  Bunsen's  or  Daniell's  elements.  TheyJB 
then  immersed  in  a  bath  of  gold,  as  pre\*iously  described.  They  remain  ■ 
the  bath  for  a  time  which  depends  on  the  thickness  of  the  desired  depo* 
There  is  a  great  difference  in  the  composition  of  the  baths.  That  most! 
use  consists  of  i  part  of  gold  chloride  and  lo  parts  of  potassium  qrani^ 
dissolved  in  200  parts  of  n-ater.  In  order  to  keep  the  bath  in  a  state  of  eta- 
centration,  a  piece  of  gold  is  suspended  from  the  positive  electrode,  wUdi 
dissolves  in  proportion  as  the  gold  dissolved  in  the  bath  is  deposited  oo  the 
objects  attached  to  the  negative  pole. 

The  method  which  has  just  been  described  can  also  be  used  for  :iiU«« 
bronze,  German  silver,  etc  But  other  metals,  such  as  iron,  steel,  iinc,  tit 
and  lead,  are  ver>-  difficult  to  gild  well.  To  obtain  a  good  coating,  they  mas 
first  be  covered  with  a  layer  of  copper,  by  means  of  the  battery  and  a  batk 
of  copper  sulphate  ;  the  copper  with  which  they  are  coated  is  then  ijii^ei 
as  in  the  previous  case. 

856.  BlectrosilTerinr* — What  has  been  said  about  gilding'  applies  exuCiN 
to  the  process  of  electrosilvering.  The  difference  is  in  the  compi>>-:''a  '^* 
the  bath,  which  consists  of  2  parts  of  silver  c)-anide  and  2  parts  ot  >>'> 
sium  cyanide,  dissolved  in  250  parts  of  water.  To  the  positive  c!e\":r.>ie* 
suspended  a  plate  of  silver,  which  prevents  the  bath  from  becomin.,;  p*^^- 
the  pieces  to  be  silvered,  which  must  be  well  cleaned,  are  attacheii  :.'  •* 
negative  pole.  It  may  here  be  observed  that  these  processes  ^uccce-  :^' 
with  hot  solutions. 

857.  Slectrlc  deposition  of  iron  and  nickel. — One  of  the  nio-^i  \.i  -'^-^ 
applications  of  the  electric  deposition  of  metals  is  to  what  is  '  .i-  •'  '■"* 
stcclitti^  'acicf\Jgt'  of  enj^nived  copper  plates.  The  bath  required  i^'  "■' 
purpose  is  obtained  by  susj>enciini;  a  lar;;e  sheet  of  iron,  conneitctl  ^:-"  ^ 
positive  pole  of  a  battery,  in  a  inm^h  tilled  with  a  saturated  solu'.i'r.  ■ ' -^ 
ammoniac  :  whilst  a  thin  strip  of  iron,  also  immersed,  is  connci-tcvl  »:■'  ■  ■' 
negative  pole.     IJy  this  means  iron  from  the  large  plate  is  dissolve-  " 
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^iac,  while  hydrogen  is  given  off  on  the  surface  of  the  small  one. 
^  l>ath  has  thus  taken  up  a  sufficient  quantity  of  iron,  an  engraved 
\^te  is  substituted  for  the  small  negative  strip.  A  bright  deposit  of 
^s  to  form  on  it  at  once,  and  the  plate  assimies  the  colour  of  a 
^  Meel  plate.  The  deposit  thus  obtained  in  the  course  of  half  an  hour 
^^gly  thin,  and  an  impression  of  the  plate  thus  covered  does  not 
iifferent  from  an  uncovered  plate ;  it  possesses,  however,  an  extraordi- 
egree  of  hardness,  so  that  a  very  large  number  of  impressions  can  be 
^m  such  a  plate  before  the  thin  coating  of  iron  is  worn  off.  When, 
sr,  this  is  the  case,  the  film  of  iron  is  dissolved  off  by  dilute  nitric  acid 
t  plate  is  again  covered  with  the  deposit  of  iron, 
indefinite  number  of  perfect  impressions  may,  by  this  means,  be 
d  from  one  copper  plate,  without  altering  the  original  sharp  condition 
sngraving. 

\  covering  of  metals  by  a  deposit  of  nickel  has  of  late  come  into  use. 
ocess  is  essentially  the  same  as  that  just  described.  The  bath  used 
purpose  can,  however,  be  made  more  directly  by  mixing,  in  suitable 
loos^  salts  of  nickel  with  those  of  anunonia.  The  positive  pole  con- 
a  plate  of  pure  nickel  A  special  difficulty  is  met  with  in  the  electric 
ion  of  nickel,  owing  to  the  tendency  of  this  metal  to  deposit  in  an  un- 
anner,  and  then  to  become  detached.  This  is  got  over  by  frequently 
ig  the  articles  from  the  bath,  and  submitting  them  to  a  polishing 

ects  coated  with  nickel  show  a  highly  polished  surface  of  the  charac- 
bright  colour  of  this  metal.  The  coating  is  moreover  very  hard  and 
J,  and  is  not  affected  either  by  the  atmosphere  or  even  by  sulphuretted 
en. 
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CHAPTER   IV. 
V4  vv^^xX^xx^.^x'^s;.    ATTiukcnox  and  repulsion  of  currents  w 

CURRENTS. 


$Kc;y   «iM«Mi^n 


■Ml 


-^9r  the  tenn  electrodynamics  is  onderstoodthe 


(^%x  A  >iN>i  -vn^  tt  i  :S»K  .It  3wckn«  or  the  action  of  electric  corxeDU 
^i^>%  A»K^  «>^  4|Mtt  w^!MC&  vUfe  electrostatics  deals  with  the  laws  rf 

^rv  tfc^'M^  ^  <Miit  ^RtKt&cm  OBTent  upon  another  was  first  investigalei 
>  ^vi^«^  >«MAuv  4ClQr:Miisc«vcnrof  Oersted's  celebrated  fuodame^ 


Fig.  760. 

v^^.  .  .v»..   v^N^\     All  the  phenomena,  even  the  most  complicated,  WIo" 
s-      *.v-  x-iivi*:  laws,  which  are — 

*\ »     -^^PfiHis  u*kich  are  parallel,  and  in  the  same  direction,  ottrtLi  ^ 
*%\*  **' ' 

' ;.      ^*  ,  it/  *cnts parallel,  but  in  contrary  directions,  repel  one  ancth-r. 
H  ^«^vw  i\^  *jkt«v>nstrate  ihese  laws,  the  circuit  which  the  current  tra\-crves 
^\^^^04  '•'^  ^><k<k  puts,  one  fixed  and  the  other  movable.    This  is  efK^te1i 
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Fig.  761. 


the  apparatus  (fig.  760),  which  is  a  modified  and  improved  form  of  one 
^nally  devised  by  Ampere. 

It  consists  of  two  brass  columns,  A  and  D,  between  which  is  a  shorter 
^  The  column  D  is  provided  with  a  multiplier  (821)  of  20  turns,  MN  (fig. 
:),  which  greatly  increases  the  sensitiveness  of  the  instrument.  This  can 
adjusted  at  any  height,  and  in  any  position,  by  means  of  a  universal  screw 
nop  (see  figs.  762-764). 

The  short  column  is  hollow,  and  in  its  interior  slides  a  brass  tube  term!- 
ting  in  a  mercury  cup,  c^  which  can  be  raised  or  lowered.  On  the  colunm 
b  another  mercury  cup  represented  in  section  at 
;.  761  in  its  natural  size.  In  the  bottom  is  a 
{Hilary  aperture  through  which  passes  the  point 
t  sewing  needle  fixed  to  a  sxnall  copper  ball. 
Itts  point  extends  as  far  as  the  mercury,  and  turns 
Bdf  in  the  hole.  The  movable  part  of  the  circuit 
mists  of  a  copper  wire  proceeding  from  a  small 
id,  and  turning  in  the  direction  of  the  arrows 
n  the  cup  a  to  the  cup  c.  The  two  lower  branches  are  fixed  to  a  thin 
rip  of  wood,  and  the  whole  system  is  balanced  by  two  copper  balls, 
ipended  to  the  ends. 

The  details  being  known,  the  current  of  a  Bunsen's  battery  of  4  or  5  cells 
cending  by  the  column 
(fig.  762)  to  the  cup  a,  C 
iverses  the  circuit  BC,  T 
iches  the  cup  Cy  descends 
\  central  column,  and 
aice  passes  by  a  wire,  P, 
the  multiplier  MN,  from 
ence  it  returns  to  the  bat- 
y  by  the  wire  Q.  Now  if, 
lore  the  current  passes, 
\  movable  circuit  has 
sn  arranged  in  the  plane 
the  multiplier,  with  the 
es  B  and  M  opposite 
ii  other,  when  the  cur- 
it  passes,  the  side  B  is  re- 
fed,  which  demonstrates 
second  law ;  for  in  the 


Fig.  7^2- 


branches  B  and  M  the  currents,  as  indicated 
the  arrows,  are  proceeding  in  opposite  directions. 

To  demonstrate  the  first  law  the  experiment  is  arranged  as  in  fig.  764 
bat  is,  the  multiplier  is  reversed  ;  the  current  is  then  in  the  same  dircc- 
I  both  in  the  multiplier  and  in  the  movable  part ;  and  when  the  latter  is 
lOved  out  of  the  plane  of  the  multiplier,  so  long  as  the  current  passes  it 
Is  to  return  to  it,  proving  that  there  is  attraction  between  the  two  parts. 
S59.  >ogt*>  Tibrmtinr  spiral. — The  attraction  of  parallel  currents  may 
t  be  shown  by  an  experiment  known  as  that  of  RogeVs  vibrating  spiral. 
mper  wire  about  07  mm.  in  diameter  is  coiled  in  a  spiral  of  about  30 
I  of  25  mm.  in  diameter.   At  one  end  it  is  hung  vertically  from  a  binding 
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screw,  while  the  other  just  dips  in  a  mercury  cup.  On  passing  tbe  < 
of  a  battery  of  3  to  5  Grove's  cells  through  the  spiral  by  means  of  d 
cury  cup  and  the  binding  screw,  its  coils  are  traversed  by  parallel  CD 
they  therefore  attract  one  another,  and  rise,  and  thus  the  contact  1 
mercury  is  broken.  The  current  having  thus  ceased,  the  coils  no 
attract  each  other,  they  fall  by  their  own  weight,  contact  with  the  n 
is  re-established,  and  the  series  of  phenomena  are  indefinitdy  pn 
The  experiment  is  still  more  striking  if  a  magnetised  rod  the  thicknc 
pencil  is  introduced  into  the  interior.  This  will  be  intelligible  if  we  o 
the  action  between  the  parallel  Amp^rian  currents  of  the  magnet  and 
helix. 

860.  &aws  of  Mftffvlar  ourreats. — I.  Two  rectilinear  currentSy  tk 
tions  0/ which  form  cm  angle  with  each  other ^  attract  one  another  wk 
approach^  or  recede  from^  the  apex  of  the  angle, 

1 1.  They  repel  one  another ^  if  one  approaches  and  the  other  recedk 
the  apex  of  the  angle. 

These  two  laws  may  be  demonstrated  by  means  of  the  apparata 

described, 
ing  the  n 
circuit  by  t 
cuit  BC  I 
the  multipi 
placed  horis 
so  that  its  ' 
is  in  the  sam 
tion  as  in  tb 
able  current 
latter  is  R 
and  the 
passes  so  t 
direction  i 
same  as  i 
movable    pt 

removing  the  latter  it  quickly  approaches  the  multiplier,  which  vcrii 
first  law. 

To  prove  the  second  law,  the  multiplier  is  turned  so  that  the  cum 
in  opposite  directions,  and  then  repulsion  ensues  (fig.  763}. 

In  a  rectilinear  current  each  element  of  the  current  repels  the  sm 
one^  and  is  itself  repelled. 

This  is  an  important  consequence  of  Ampere's  law,  and  may  be 
mentally  demonstrated  by  the  following  arrangement,  which  was  < 
by  Faraday.  A  U-shaped  piece  of  copper  wire,  whose  ends  dip 
separate  deep  mercur>' cups,  is  suspended  from  one  end  of  a  delicate  1 
and  suitably  equipoised.  When  the  mercury  cups  are  connected  m 
two  poles  of  a  batter>',  the  wire  rises  very  appreciably,  and  sinkj 
to  its  original  position  when  the  current  ceases  to  pass.  The  current 
into  the  mercury  and  into  the  wire  ;  but  from  the  construction  of  tlw 
ratus  the  former  is  fixed,  while  the  latter  is  movable,  and  is  acco 
repelled. 


Fig.  763. 


Action  of  an  Infinite  Current. 
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lAWS  Of  •iaaoiu  onrrents. —  The  action  of  a  sinuous  current 

to  that  of  a  rectilinear  current  of  the  same  length  in  projection, 

iciple  is  demon- 

y  arranging  the  _  ^ 

r  vertically  and 

ear  it  a  movable 

f  insulated  wire 

nous    and    half 

r  (fig.  764).    It 

seen  that   there 

r  attraction  nor 

,    shoMring    that 

n  of  the  sinuous 

mn  is   equalled 

f  the  rectilinear 

iplication  of  this 
will  presently 
vith  in  the  ap- 
called  solenoids 
ich  are  formed  of  the  combination  of  a  sinuous  with  a  rectilinear 


Fig.  764. 


DIRECTION  OF  CURRENTS  BY  CURRENTS. 


ketloB  of  Mft  inlliilte  enrrent  on  a  eorrent  perpendlenlar  to  its 

I. — From  the  action  exerted  between  two  angular  currents  (860)  the 
a  fixed  and  infinite  rectilinear  current,  PQ  (fig.  765),  on  a  movable 
CH,  perpendicular  to  its  direction  can  be  determined.  Let  OK  be 
ndicular  common  to  KH  and  PQ,  which  is  null  if  the  two  lines  PQ 


—  0 


Fig.  765. 


0 
Fig.  766. 


meet.  The  current  PQ  flowing  from  Q  to  P  in  the  direction  of  the 
*t  us  first  consider  the  case  in  which  the  current  KH  approaches  the 
)P.  From  the  first  law  of  angular  currents  (860)  the  portion  PQ  of 
nt  PQ  attracts  the  current  KH,  because  they  both  flow  towards  the 
f  the  angle  formed  by  their  directions.  The  portion  PO,  on  the  con- 
1  repel  the  current  KH,  for  here  the  two  currents  are  in  opposite 
5  at  the  summit  of  the  angle.  If  then  mq  and  mp  stand  for  the  two 
le  attractive  and  the  other  repulsive,  which  act  on  the  current  KH, 
b  are  necessarily  of  the  same  intensity,  since  they  are  symmetrically 
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screw,  while  the  other  just  dips  in  a  mercury  cu) 
of  a  battery  of  3  to  5  Grove's  cells  through  the  s 
cury  cup  and  the  binding  screw,  its  coils  are  tr. 
they  therefore  attract  one  another,  and  rise,  ai 
mercury  is  broken.     The  current  having  thii- 
attract  each  other,  they  fall  by  their  own  wc 
is  re-established,  and  the  series  of  phenoT*  • 
The  experiment  is  still  more  striking  if  a  w 
pencil  is  introduced  into  the  interior.    This 
the  action  between  the  parallel  Amp^rian  ( 
helix. 

860.  Ibaws  of  Mftffvlar  omreats. — I. 
tioNs  of  which  fonn  an  angle  with  each 
approach^  or  recede  from^  the  apex  o/f/u 

1 1.  They  repel  one  another^  if  one  •/ 
the  apex  of  the  angle. 

These  two  laws  may  be  demonstr.. 


[80- 

0;  nay 


/'.irM-'ei  totkt 

!!uu':tb!c  about  an  xol 
lit  >ri.:onial  current  P\I 


removing  the  latter  it  ii«" 
first  law. 

To  prove  the  seror. 
in  opposite  directions. 

In  a  rectilinear  r;. 
one,  and  is  itself  ft  f 

This  is  an  impcw 
mentally  demonsn 
by  Faraday.  A  L' 
separate  deep  mcru* 
and  suitably  equi.  .  ^ 
two  poles  of  a 
to  its  origin*''  '^*'*' 

into  the  IP  -^  "^ 

ntni  the  ^ 


Fiff.  768. 

•  -u?ie  current  about  its  axis,  untile 
.  Mtr  .wvmeptirallel  io  PiJ  ;  the  venic* 
-  ^is*  '«  M  side  from  which  the  curttti 
^  -IS  :r.L'  H'hich  it  is  directed  rij.  TC-* 
,...'»ic-  "^  ^ccnds — that  is,  according;  as - 
...vai-u  i.\is- 
Mi  :wc  A  system  of  two  vertical  currc- 
rotating  aboiSJ 
vertical  a^- 
(figs.  709  '^ 
770)  is  ^iir^.■^ 
by  a  hor.^'53' 
current,  P^J- j^ 
a  plane  para-*' 
to  this  currtf; 
— ^  when  onf  ^ 
the  vertical  cur- 
rents is  a«^* 
^y^  "Tg^.  -^v  Vet  that  if  they  are  bt>th  .is£tni'*i 
v,.    x^^V^  ivc  i.nvted. 

\9mst  cttrroBt  on  a  reetaofvltf  "^ 
c  *v  \'^^  1  h  .^rironial  infinite  rurren:  f^-' 
jtt  t  -rcci-T^jUr  current  movable  jI>-'  * 


5^1* 


finite  Horizontal  Current. 
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' •*•  Stated.   For,  from  the  direction  ot 
-t  QY  acts  by  attraction  not 


■:iit 
red- 

-Hilled   by 

;Mraius  with 

.rst  it  makes 

'Upports.     On 


Fig.  771. 


.'.  hat  powerful  current  in  the  same  plane  as 
jMsses  into  that  plane.     It  is  best  to  use  the 
■itic,  while  that  of  fig.  771  is  not. 
•.  the  rectangular  current  in  fig.  771  applies  also 
[»  monstrated  by  the  same  experiments. 
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!'iN   OF  CURRENTS   BY  CURRENTS. 

a  finite  borisontal  cnrrent  by  an  infinite  borimontal 

'St.   -The  attractions  and  repulsions  which  rectangular 
■nc  another 

transformed  '"       '**\  _,i'.  _ 

^  circular  mo- 

ri>;.   772)  be  a 

lie    about     the 

horizontal  plane, 

•r  a  fixed   infinite 

.)     horizontal.      As     p 

1  iirrents  flow  in  the       ^  """ 

nt  the   arrows,  it  fol-  "^ *  77»-  »■''«•  773- 

.1  in  I  he  position  OA  the  movable  current  is  attracted  by  the  current 
they  arc  in  the  same  direction.  Having  reached  the  position  OA', 
able  current  is  attracted  by  the  part  NO  of  the  fixed  current,  and 
by  the  part  PN.  Similarly,  in  the  position  OA",  it  is  attracted  by 
I  repelled  by  PM,  and  so  on  ;  from  which  follows  a  continuous  rota- 
tion in  the  direction  AA'A"A'".  If  the  movable  current,  instead  of 
irected  from  O  towards  A,  were  directed  from  A  towards  O,  it  is 
see  that  the  rotation  would  take  place  in  the  contrar>'  direction. 
by  the  action  of  a  fixed  infinite  current,  PQ,  the  movable  current 
is  to  a  continuous  motion  in  a  direction  opposite  to  that  of  the  fixed 

9th  currents  being  horizontal,  the  fixed  current  were  circular  instead 
-  rectilinear,  its  effect  would  still  be  to  produce  a  continuous  circular 


^namit  and  Eieciromagnetic  Rotation  of  Liquids.  8 1 7 

on  of  currents  by  mairncta. — Not  merely  can  ^currents 
magnets,  bm  they  may  also  be  made  to  rotate,  as  is  seen 
dng  expcrimenu  devised  by 
il).  On  a  base  with  ievcllinj; 
sting  on  an  ivory  support, 
I,  BD,  It  is  surrounded  in 
th  by  a  bundle  of  magricliscd 

I  at  the  top  is  a  mercury 
'  circuit,  EF,  balanced  on  a 
ts  in  the  cup,  and  the  other 
cuit,  which  terminate  in  steel 

II  annular  trough  full  of  mer- 


tus  being  thus  Arranged ,  the 
ir  5  Bunsen's  elements  enters 

screw  b  \  ii  ihcncc  rises  in 
icends  by  the  two  branches, 
crcury  by  the  steel  points, 
s  by  the  framework,  which  is 
E  battery  by  the  binding  screw 
nagnctised  bundle  be  raised,  . 

Btates,  either  in  one  direction 
Itwding  to  the  pole  by  which 
■  This  rotation  is  due  to  cur- 
to  circulate  round  magnets  ; 
act  on  the  vertical  branches 
•  way  as  the  circular  cunent 
\  bb  in  fig.  774- 
riment  the  magnetised  bundle  |  ,^  -g, 

d  by  a  solenoid  (874)  or  by 

ett  in  which  case  the  two  binding  srrews  in  the  base  of  the 
be  left  give  entmncc  to  the  current  which  is  to  traverse  the 
tromagnct* 

Bdynrnmlo  i^nd  •lectromnciictle  rotation  of  llqul4».— The 
linear  current  assumed  in  the  previous  experiments  is  not 
f.  782  represents  an  apparatus  devised  by  Hen  in  to  show  the 

and  electromagnetic  rotation  of  liquids*  This  apparatus 
annular  earthen  vessel,  VV  ;  that  is  to  say,  it  is  open  in  the 
be  traversed  by  a  coil,  H,  It  rests  on  a  board  which  can  be 
m  columns,  E  and  1,  and  which  are  fixed  by  means  of  the 
lound  the  vessel  VV*  is  a  second  larger  coil,  G,  fi\cd  on  the 

The  vessel  V  V^  rests  on  the  lower  plane.  In  the  centre  of 
'  of  soft  iron,  1,  which  makes  an  electromagnet. 
W  contains  acidulated  water,  and  in  the  liquid  are  two 
per  plates  e  and  /,  soldered  to  copper  wires,  ^'and  i\  which 
pent  of  a  battery  of  four  cells  through  the  n*i\s  E  and  I.  The 
I  arranged  on  a  larger  base,  on  the  left  of  which  is  a  comma* 

I  afterwards  on  a  larger  scale  rfig*  785;,     With  the  base  of 
j  S  and  S'  are  connected  four  copper  strips,  three  of  which 
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motion.  For,  let  ABC  (fig.  773)  be  a  fixed  circular  current,  and  mm  a  m 
tilinear  current  movable  about  the  axis  n^  both  currents  being  horiioDti 
These  currents,  flowing  in  the  direction  of  the  arrows,  would  attract  01 
another  in  the  angle  «AC,  for  they  both  flow  towards  the  summit  (860).  I 
the  angle  »AB,  on  the  contrary,  they  repel  one  another,  for  one  goes  toww 
the  summit  and  the  other  moves  from  it.  Both  effects  coincide  in  mofii 
the  wire  mn  in  the  same  direction  ACB. 

865.  Kotatloii  of  a  rertioal  ourrent  by  a  Horisontal  etrenlar  ewff« 
A  horizontal  circular  current,  acting  on  a  rectilinear  vertical,  also  imparts 
it  a  continuous  rotatory  motion.  In  order  to  show  this,  the  apparatus  repi 
sented  in  fig.  774  is  used. 

It  consists  of  a  brass  vessel,  round  which  are  rolled  several  coils  of  i 
sulated  copper  wire,  through  which  a  current  passes.  In  the  centre  of  t! 
vessel  is  a  brass  support,  a,  terminated  by  a  small  cup  containing  merco 
In  this  dips  a  pivot  supporting  a  copper  wire,  bby  bent  at  its  ends  in  two  n 
tical  branches,  which  are  soldered  to  a  very  light  copper  ring  immersed 
acidulated  water  contained  in  the  vessel  A  current  entering  throu{^  i 
wire  w,  reaches  the  wire  A,  and  having  made  several  circuits,  termiiuM 
at  B,  which  is  connected  by  a  wire  underneath  with  the  lower  part 
the  column  a.    Ascending  in  this  coliunn,  it  passes  by  the  wires  ik  Vk 

the  copper  rin 
into  the  add 
lated  water, « 
into  the  sid 
of  the  ve» 
whence  it  1 
turns  to  ti 
battery   by  tl 

strip  D.  n 

current  bdi 
thus  closed,  ti 
circuit    bb  « 

the  ring  tend  to  turn  in  a  direction  contrary  to  that  of  the  fixed  currtot, 
motion  due  to  the  action  of  the  circular  current  on  the  current  m  the  vertk 
branches  bb  ;  for,  as  follows  from  the  two  laws  of  angular  currents,  tl 
branch  b  on  the  right  is  attracted  by  the  portion  A  of  the  fixed  current,* 
the  branch  b  on  the  left  is  attracted  in  the  contrary  direction  by  the  oppoa 
part,  and  these  two  motions  coincide  in  giving  the  ring  a  continuous  rotalo 
motion  in  the  same  direction.  The  action  of  the  circular  current  ofl  tl 
horizontal  part  of  the  circuit  bb  would  tend  to  turn  it  in  the  same  directioi 
but  from  its  distance  it  may  evidently  be  neglected. 

866.  Rotation  of  maffiiets  by  onrrents. — Faraday  proved  that  cunts 
impart  the  same  rotatory  motions  to  magnets  which  they  do  to  currents.  Tl 
may  be  shown  by  means  of  the  apparatus  represented  in  fig.  775.  It  coosis 
of  a  large  glass  vessel,  almost  filled  with  mercury.  In  the  centre  of  this 
inunersed  a  magnet.  A,  about  eight  inches  in  length,  which  projects  a  fiB 
above  the  surface  of  the  mercury,  and  is  loaded  at  the  bottom  with  a  pi 
tinum  cylinder.  At  the  top  of  the  magnet  is  a  small  cavity  cootaiitf 
mercury ;    the  current  ascending  the  column  m  passes  into  this  ca^ 


Fig.  774. 


Rotation  of  Magnets  by  Currents. 
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le  rod  C.     From  the  magnet   it  passes  by  the  mercury  to  a  copper 

G,   whence  it  emerges    by  the  colimm  tu    When   this   takes  place 

magnet  begins    to    rotate    round   its   own   axb   with   a   velocity  de- 

iing  on    its 

netic  power 

on  the  in- 

►ity    of    the 

:rent 

Instead      of 

iking       the 

net     rotate 

its  axis,    it 

■y  be   caused 

rotate  round 

f  line   parallel 

its   axis    by 

[ing      the 

rtment^     as 

in     fig»  -r-  -__- 

I  Thi.  rotatory  ''^''^ 

Kion  is  readily  tntelH^bte  on  Ampere's  theory  of  magnetism  (879)^  ac- 

ding  to  which^  magnets  are  traversed  on  their  surface  by  an  infinity 

tcumiar  currents  in  the  same  direction,  in  planes  perpendicular  to  the 

~\  the  magnet.     At   the   moment   at   which  the  current  passes  from 

net  into  the  mercury,  it  divides  on  tlvc  surface  of  the  mercury  into 

Bty  of  rectilinear  currents  proceeding  from  the  axis  of  the  magnet  to 

umfcrencc  of  the  glass.     Figs.  777  and  778,  which  correspond  re- 

tlvcly  to  figs.  775  and  776,  give  on  a  larger  scale,  and  on  a  horizontal 

\  passing  tlirough  the  surface  of  the  mercur\%  the  direction  of  the  currents 

ll^ich  the  rotation  is  due.     In  fig.  777  the  north  pole  being  at  the  top,  the 

nan  currents  pass  round  the  magnet  in  the  reverse  direction  to  that 

i^nds  of  a  watch,  as  indicated  \rf  the  arrow  1  (879),  while  the  cur* 

Mch  radiate 

the    rod    C 

the  metal 

GG;    have 

direction    CD» 

Thus    (860) 

given  element 

Jhe   magnetic         .^^ 

I  of  the  bar  * 

by 

at     CE 

i  by  th«  Fig.  „y.  p^^  y^, 

\\  benco 
rotation  of  the  bar  about  its  axis  in  the  same  direction  as  the  hands 

.  77S  tlic  currents  CD,  CE  being  in  the  opposite  directioti  to  those 


\ 
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of  the  bar  would  repel  the  latter,  which  would  be  attracted  by  the  cnne 
C£,  CA.  Hence  the  bar  rotates  in  a  circular  direction,  shown  by  the  am 
5,  about  the  vertical  axis  which  passes  through  the  rod  C. 

If  the  north  pole  is  below,  or  if  the  direction  of  the  current  be  altered,  t 
rotation  of  the  magnet  is  in  the  opposite  direction. 


ACllON  OF  THE  EARTH  AND  OF  MAGNETS  ON  CURRENTS. 

867.  Bireotlve  aotioii  of  mmvnets  on  omrrents. — Not  only  do  cane 
act  upon  magnets,  but  magnets  also  act  upon  currents.  In  Oersted's  fiiM 
mental  experiment  (fig.  719),  the  magnet  being  movable  while  the  cuircot 
fixed,  the  former  is  directed  and  sets  at  right  angles  with  the  current  i 
on  the  contrary,  the  magnet  is  fixed  and  the  current  movable,  the  latttri 
directed  and  sets  across  the  direction  of  the  magnet  This  may  be  i&i 
trated  by  the  apparatus  represented  in  fig.  779.  This  is  the  original  fai 
oiAmpSr^s  standi  and  is  frequently  used  in  experimental  demonstntia 
It  needs  no  explanation.  The  circuit  which  the  current  traverses  is  moviUi 
and  below  its  lower  branch  a  powerful  bar  magnet  is  placed  ;  the  droi 
immediately  begins  to  turn,  and  stops  after  some  oscillations  in  a  plfll 
perpendicular  to  the  axis  of  the  magnet 


Fig.  779. 


Fig.  rfc- 


For  demonstrating  the  action  of  magnets  upon  currents,  Dc  li  R«^ 
floating  battery  (fig.  780)  is  well  adapted.  It  consists  of  plates  of  zinc  •* 
copper  which  are  immersed  in  dilute  sulphuric  acid  contained  in  t  ji* 
bulb  slightly  loaded  ^vith  mercury  to  keep  it  upright,  and  which  can  ^ 
freely  on  water.  With  the  plates  can  be  connected  either  circular  oc  i*fr 
angular  wires,  coils,  or  solenoids  ;  they  are  then  traversed  by  a  cnntnl,  wk 
can  be  subjected  to  the  action  either  of  magnets  or  of  currents. 


tEltctrodynamic  and  EUctromagnetic  Rotation  of  Liquids.  8 1 7 
,   Bottttimi   or  eurrents  liy  magnota.— Not   merely    can  Vurrents 
feted  by  inn^neis,  but  they  may  also  be  made  10  rotalt,  as  is  seen 
m  the  following  C3i|>criment,  devised  by 
raday  (fig.  780*   On  a  base  with  levelling 
ews,   and   resting  on    an    ivory^   support, 
1%  copper  rod,  BD.     It  is  surrounded   in 
t  of  its  length  by  n  bundle  of  magnetised 
es,  AB,   and   at   the   top    is    a   mercury 
k    A  copper  circuit,  EF,  balanced  on  a 
el  point,  rests  in   the  cup,  and  the  other 
Is  of  the  circuit,  which  terminate  in  steel 
nts»  dtp  in  an  annular  trough  full  of  mer- 

apparatus  being  thus  arranged,  the 
from  4  or  5  Bun  sen's  elements  enters 
the  binding  screw  b ;  it  thence  rises  in 
rod  L),  descends  by  the  two  branches, 
the  mercury  by  the  steel  points, 
it  passes  by  the  framework,  which  is 
feoppcr^  to  the  battery*  by  the  binding  screw 
U^now  the  magnetised  bundle  be  raised, 
^■tuit  EF  rotates,  cither  in  one  direction 
flFother*  according  to  the  pole  by  which 
U  mflucnccd.  This  rotation  is  due  to  cur* 
bi  tASUfntd  to  circulate  round  magnets  ; 
iwii  which  act  on  the  vertical  branches 
f  In  the  same  way  as  the  circular  current 
^tJie  branches  A<*  in  fig.  774* 

sxpcrimeni  the  magnetised  bundle 
iced  by  a  solenoid  (874)  or  by 
i«t^  in  which  case  the  two  binding  screws  in  the  Sase  of  the 
If  on  the  left  give  entrance  to  the  current  which  \<  to  traverse  the 
f^r  elet^romagnct, 

SU«tro<lyiftttiBlo  liaa  •lecH'aiiiBffiietlo  rot%tl»n  of  Uqnldis* — The 
of  M  linear  current  assumed  in  the  previous  experimcnis  is  not 
Fig*  7S2  represents  an  apijaratus  devised  by  Bert  in  to  show  Ihc 
imic  and  electromagnetic  rotation  of  liquids.  This  apparatus 
€f  an  annular  earthen  vessel,  VV  ;  that  is  to  say,  it  is  open  m  the 
Ite  M>  as  to  be  traversed  by  a  coil,  H.  It  rests  on  a  board  whtch  cnn  be 
id  aloffig  two  columns,  E  and  1,  and  which  arc  fisted  by  mean!i  of  the 
MM  KIC  Round  the  vessel  V^\'  is  a  second  larger  coil,  C).  ti:ird  on  the 
WBtm  SB'*  The  vessel  Y  V  rests  on  the  lower  plane.  In  the  centre  of 
l€Bi9  b  a  bar  of  soft  iron^  .1',  which  makes  an  electromagnet. 
Tilt  vrwH  V' V  con  urns  acidulated  walcr^  and  rn  the  liquid  are  two 
I  copper  plates  r  and  /,  soldered  to  copper  wires  ^'  a<*d  T,  which 
the  current  of  a  battery  of  four  cells  through  the  rod^  E  and  L  The 
tetn  h  arranged  on  n  larger  base,  on  the  left  of  whw\\  is  a  comma- 
nted  afterwards  on  a  larger  scale  'fig.  783:,  With  the  ba«c  of 
E,  It  ^  arid  S'  are  <  onnectcd  four  copper  strip*,  three  of  whidi 

JO 
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by  the  biodiflf 
screw  A  atuii» 
the  column  S\ 
which  leads  u 
to  the  oed  G, 
vvith  regaid  t» 
which  it  is  i^/f- 
that  ts,  in  a  coB^ 
tnuy  ibrectiot 
to  the  hands  tf 
a  watch.  Tte 
descendtdc  by 
the  cobti!KfiS|ii 
readies  the<o0 
tnutator,  whcfc 
leads  it  by  Af 

itniriprU  to  tk 
colimtti  E  lii 
totlic  eWcsitiK 
^'.  The  current  here  traverses  the  liquid  from  the  circttmliermcv  M»  tkv 
centre,  attains  the  electrode  f",  the  column  I,  and  by  the  inter^'cntion  crf^lr 
plate  centrifuge  the  central  piece  of  the  commutator.  This  tra&foiio  t 
finally  to  the  negative  binding  5crew\  which  leads  it  to  the  harteiy,  Thf 
liquid  then  commences  a  direct  rotatory  motion — that  is  to  say,  ia  ifc» 
same  direction  as  the  coil.  If  the  directioti  of  the  current  in  the  \vyii  b 
ctntrifugal — that  is,  proceeds  from  the  centre  to  tlic  ctrcuoifcreiice— dt 
rotation  is  inverse ;  that  is,  in  the  opposite  direction  to  that  of  the  i»l 
In  both  cases  the  rotations  maybe  shown  to  those  at  a  di5tasu;e  \y$wa0^ 
of  small  flags,  y',/^,  fixed  on  discs  of  cork  which  float  cm  the  liqiiidiai 
H  which  are  coated  with  lampblack  to  prevent  adherence  by  capitlaiy  aUiiM  li* 
^H  between  the  discs  and  the  electrodes  t  and  i. 
^^  II.  To  experiment  with  the  electromiignct  :ilone,  the  p' 

I  battery  is  connected  with  the  binding  screw  C,  and  the  bint 

I  B  are  joined  by  a  copper  wnre.   The  current  first  pai»scs  into  Uic  cl<a;t«jiaj^* 

L  H,  then,  reaching  the  commutator  by  the  binding  screw  B,  pa&ei  i*  ^ 

^H  centripetal  plate,  whence  it  rises  in  tlie  column  £,  tra%'er»es  the  liqnid  ■  ^ 
^V  same  direction  as  at  first,  reascends  by  the  column  U  uid  frocn  tlKact  * 
P  ihc  centre  of  the  commutator  and  the  negative  binding  actvw  wlikii  l«i>* 

^^  to  the  battery.  If  the  north  pole  of  the  electromagnet  ts  at  the  %assm  hi^ 
^H  as  the  glass  vessel,  as  in  the  figure,  the  Amp^Tian  currents  Biif»e  '»  ^ 
^^m       opposite  direction  to  the  hands  of  a  watch,  and  the  fio^i-^  thrn  inntc  »^ 
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e  direction  as  above;  and  if  the  electromagnet  is  raised  until  tlic  neutral 
is  at  the  same  height  as  the  vessel^  the  doats  stop ;  if  it  is  above  tbenit 
6oats  move  again,  but  in  the  opposite  direction. 

11 L  To  cause  the  coil  and  the  electromagnet  to  act  simultaneously,  the 
litivc  wire  of  the  battery  is  attached  at  C,  and  the  bindin^r  screws  D  and 
arc  connected  by  a  conductor.     Hence,  after  having  traversed  the  coil  H, 
current  arrives  from  D,  and  the  binding  screw  A,  whence  it  traverses  \ 
tJy  the  same  circuit  as  in  the  first  experiments.     The  effects  are  the 
though  more  intense ;  the  action  of  the  coil  and  the  electromagnet 
m%  in  the  same  direction. 
A  simpler  form  of  this  experiment  was  devised  by  Clerk  Maxwell.     At 
bottom  of  a  small  beaker,  a  copper  disc  is  placed  with  an  insulated 
igue  bcm  at  right  angles,  and  connected  wnth  a  simitar  zinc  disc  supported 
lUt  an  inch  above  the  copper.     Dilute  acid  is  placed  so  as  to  cover  both 
Bscsi  and  some  fine  sawdust  having  been  added  to  the  liquid  the  whole  is 
bced  on  the  pole  of  an  electromagnet.     The  rotation  of  the  liquid  is  then 
nm  by  that  of  the  sawdust. 

S70.  a«rtlii*s  commntmtoT>^C0mmu/a/<?rs  are  apparatus  by  which  the 
irection  of  currents  may  be  changed  at  pleasure,  or  by  which  they  may  be 
}tDtd  or  closed.     Bertin^s  has  the  advantage  of  at  once  showing  the  dircc- 
I  of  the  current     It  consists  of  a  small  base  of  hard  wood  on  which  is  an 
loitc  plate,  which,  by  means  of  llie  handle  m  (fig.  783),  is  turned  about  a 
»gnU  axis,  between  two  stops»  i:  and  ir'.     On  the  disc  are  fixed  two  copper. 
|CS|  one  of  which^  <?,  is  always  positive,  being  connected  by  the  axis  and! 
r  m  ptaiei  -♦-,  with  the  binding  screw  P, which  receives  the  positive  clecirodel 
'  the  battery ;  the  oilier,  //,  bent  in  the  form  of  a  horseshoe,  is  connectedi 
frictioii  below  the  disc  with  a  plate — which  passes  to  the  negative  elec^l 
lie  N*     On  the  opposite  side  of  the  board  are  two  binding  screws,  ^  and] 
I  io  wfakh  are  adapted  two  elastic  metal  plates,  r  and  r". 
Tlma    details    being 

mlMdi  the  disc  being  /'— *^  *— ^/ 

rned   as  thown  in  the 
rure*  the  current  coming 
the  binding  screw   P 
i»e«    into  the  piece  0, 
plate  r  and  the  bind- 
icrenv  ^t  which  by  a 
0od  |>late|  or  by  a  cop- 
wire,  leads  it  to  the 
mmtos  »hown  in   fig. 
t,  at  may  other    Then 
pBrnla^  to  the  binding 


l-'itJ'  7**. 


if',  the  cunent  atuins  the  plate  r%  the  piece  /<•,  and  ultimately  the 
dlag  fcrci»  N,  which  returns  it  to  tlic  battery. 

If  the  disc  b  turned  so  that  the  handle  is  halfway  between  r  and  c\  the 
QSM  #  and  I  /  being  no  longer  in  contact  with  the  plates  r  and  r\  the  cur- 
■I  does  not  [Mss.  If  m  is  turned  as  far  as  c\  the  plate  i»  touches  ^  i  the 
rreat  ihui  piisses  ^&t  to  ^*  and  returns  by  i  ;  it  is  therefore  reversed. 

jca 
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871.  Olreettre  aetloB  of  the  eartli  on  rertleal  e«ri  —  !■< — The  caitk, 
which  exercises  a  directive  action  on  magnets  (690),  acts  also  upon  conents, 
giving  them,  in  some  cases,  a  fixed  direction,  in  others  a  contintious  rotatory 
motion. 

The  first  of  these  two  actions  may  be  thus  enunciated :  Every  ^trik^ 
current  movable  about  an  axis  parallel  to  itself^  places  itself  under  the  dirx- 
live  action  of  the  earth  in  a  plane  through  this  axis  perpefidicular  to  tit 
magnetic  meridian^  and  stops  after  some  oscillations^  on  the  east  of  its  ara 
of  rotation  when  it  is  descending^  and  on  the  west  when  it  is  ascending. 

This  may  be  demonstrated  by  means  of  the  apparatus  represented  in  ^ 
785,  which  consists  of  two  brass  vessels  of  somewhat  different  diameten 


TT 


Fig.  784. 


Fig.  7S5. 

The  larger,  r/,  about  13  inches  in  diameter,  has  an  aperture  in  the  cant 
through  which  passes  a  brass  support,  ^,  insulated  from  the  vessel  a  ^ 
communicating  with  the  vessel  K.  This  column  terminates  in  a  smill  of 
in  which  a  light  wooden  rod  rests  on  a  pivot  At  one  end  of  this  rod  1  fii^ 
wire  is  coiled,  each  end  of  which  dips  in  acidulated  water,  with  which  tk 
two  vessels  are  respectively  filled. 

The  current  arriving  by  the  wire  m  passes  to  a  strip  of  copper,  whkk  » 
connected  underneath  the  base  of  the  apparatus  with  the  bottom  of  tk 
column  b.  Ascending  in  this  column,  the  current  reaches  the  \-csscl  K,  wi 
the  acidulated  water  which  it  contains  ;  it  ascends  from  thence  in  the  ^ 
c,  redescends  by  the  wire  e,  and  traversing  the  acidulated  water,  it  retde 
the  sides  of  the  vessel  </,  and  so  back  to  the  battery  through  the  u-irc  n. 

The  current  being  thus  closed,  the  wire  e  moves  round  the  column  #.i>^ 
stops  to  the  cast  of  it,  when  it  descends,  as  is  the  case  in  the  figure;  brt'' 
it  ascends,  which  is  effected  by  transmitting  the  current  by  the  wire*,* 
wire  e  stops  to  the  west  of  the  column  ^,  in  a  position  directly  opposite  » 
that  which  it  assumes  when  it  is  descending. 

If  the  rod  with  a  single  wire,  in  fig.  785,  be  replaced  by  one  with  tm-ow^* 
as  in  fig.  786,  the  rod  will  not  move,  for  as  each  unrc  tends  to  place  it*- <* 
the  east  of  the  column  ^,  two  equal  and  contrary  effects  arc  produced  '*^^^ 
counterbalance  one  another. 


Directive  Action  of  tlw  Earth  on  Closed  Currents.       821 

Action  of  Uie  e^rtli  on  lioiisoot«l  enrrenttt  movable  about  a 

I  ■Ida.— The  action  of  the  earth  on  horizontal  currents  is  not  direc- 

givt'S  the  IN  a  coniinuous  rotiiiory  motion  J'r&m  M<r  east  t0  the  west^ 

f  AoHJtmta/  curn/ft  moves  away  from  the  axis  ofrotationy  andfr^m 

to  ih*'  east  wkift  it  is  direeted  towards  this  axis. 

may  be  illustrnted  by  means  of  the  apparatus  represented  in  fig.  786 

mly  differs   from  thai  of  uy,,  785   in   having  but  one  vessel    The 

insccndingby  the 

<r,  traverse ii  the 

res   iX^   and   dc- 

by  the  wires  l>d^ 

hich    it    rcgams 

;  the  circuit  Ifcd* 

ginsacontmuous 

cither  from  the 

tSie  weist,  or  from 

t  to  the  cast,  ac- 

as  in  the  wires  '^*  ^^' 

current  goes  from  the  centre,  as  is  the  case  in  the  figure,  or  according 
towards  it,  which  is  the  case  when  the  current  enters  by  the  wire 
of  by  n.  But  we  have  seen  {%7 1 )  that  the  action  of  the  earth  on  the 
;  wires  M  is  destroyed  :  hence  the  rotation  is  that  produced  by  the 
m  the  horizontal  branches  cc.  This  rotatory  action  of  the  terrestrial 
on  horizontal  currents  is  a  consequence  of  the  rotation  of  a  finite 
ial  by  an  infinite  horizontal  current  (864). 

Hireotlwe  Aotion  of  tlio  oartli  on  eloso  1  ourreats  a»ovablo  nbant 
cal  mjU».— If  the  current  on  which  the  earth  acts  is  closed,  whether 
Ctan^laror  circular,  the  result  is  ntn  a  continuous  rotation,  but  a 
e  action^  as  in  the  case  of  vertical  currents  (87i)»  in  virtue  of  which 
tmipinefs  iUeifin  aplatw pcrpendieutar 
mgfutic  ffwridian^  so  that^  for  an  ob- 
fokingai  tkenortk^it  is  d*ucndingon 
axis  of  rotation^  and  aseending 


7^- 


erty,  which  can  be  shown  by 
the  apparatus  represented  in  lig. 
L  conscciucnce  of  what  has  been  said 
borizontal  and  vertical  currents.  For 
circuit  BA^  the  current  in  the 
ower  parts  tends  to  turn  in  oppo- 
docis^  from  the  law  of  horizontal 
^  (&63)f  duid  hence  is  in  equilibrium  ; 
i  the  lateral  parts  the  current  on  the 
^  tends  towards  the  east,  and  on  the  other  side  to  the  west,  from  the  law 
d  currents. 

I  the  directive  action  of  the  earth  on  currents,  it  i^  necessary*  in  many 

Hentiif  to  obviate    this  action.     This    is   effected    by   arranging    the 

\  circuit  symmetrically  about  its  axis  of  rotation,  so  that  the  directive 

Ifif  the  earth  tends  tn  turn  them  in  opposite  directions,  and  hence 


ris.  7^?. 


822 


Dyttamical  Electricity. 


pn- 


ctnnRregMMWT' 


Fig.  788. 


destroys  them.    This  condition  is  fulfilled  in  the  circuit  in  ^.  781.    Sodb 
circuits  are  hence  called  astatic  circuits, 

874.  Btmotiare  of  a  solenoid. — A  solenoid  is  a  system  of  equal  and 
parallel  circular  currents  formed  of  the  same  piece  of  covered  copper  wire 
and  coiled  in  the  form  of  a  helix  or  spiral,  as  represented  in  fig.  788.  A  vift- 
noid,  however,  is  only  complete  when  part  of  the  wire  BC  passes  in  the 
direction  of  the  axis  in  the  interior  of  the  helix.     With  this  arrangement, 

when  the  circuit  is  traversed  by  a  cur- 
rent, it  follows  from  what  has  been  said 
about  sinuous  currents  (861)  that  the 
action  of  a  solenoid  in  a  longitudinal 
direction,  AB,  is  counterbalanced  by  that 
of  the  rectilinear  current  BC.  This  action  is  accordingly  null  in  the  direction 
of  the  length,  and  the  action  of  a  solenoid  in  a  direction  perfitndicmlar  U 
its  axis  is  exactly  equivalent  to  that  of  a  series  of  equal  parallel  currents. 

875.  AeUoB  of  evrroiits  on  solonoids. — What  has  been  said  of  the 
action  of  fixed  rectilinear  currents  on  finite  rectangular,  or  circular  currents 

(864)  applies  evidently  id 
each  of-the  circuits  of  asok- 
noid,  and  hence  a  recttlinev 
current  must  tend  to  diiea 
these  circuits  parallel  to 
itselfl  To  demonstrate  tim 
fact  experimentally,  a  sok- 
noid  is  constructed  as  show 
in  fig.  789,  so  that  it  can  be 
suspended  by  two  pivots  ia 
the  cups  a  and  c  of  the  appa- 
ratus represented  in  fig.  7^ 
The  solenoid  is  then  xstfi* 
able  about  a  vertical  axis, 
and  if  a  rectilinear  contitf 
OP  be  passed  beneath  it,  which  at  the  same  time  traverses  the  ^ires  fi' 
the  bolenoid,  the  latter  is  seen  to  turn  and  set  at  right  angles  to  the  lomtr 
current — that  is,  in  such  a  position  that  its  circuits  are  parallel  to  the  fi«<J 
current  ;  and,  further,  the  current  in  the  lower  part  of  each  of  the  circiiiis  is 
in  the  same  direction  as  in  the  rectilinear  wire. 

If,  instead  of  passing  a  rectilinear  current  below  the  solenoid,  it  is  passed 
vertically  on  the  side,  an  attraction  or  repulsion  will  take  place,  according 
;is  the  two  currents  in  the  vertical  wire,  and  in  the  nearest  part  <rf  *^ 
solenoid,  arc  in  the  same  or  in  contrary  directions. 

876.  BlrectlTo  action  of  tlie  eartli  on  soleaolda. — If  a  solenoid  be 
suspended  in  the  two  cups  (fig.  790),  not  in  the  direction  of  the  magnetic 
meridian,  and  a  current  be  passed  through  the  solenoid,  the  latter  vB 
begin  to  move,  and  will  finally  set  in  such  a  position  that  its  axis  is  in  the 
direction  of  the  magnetic  meridian.  If  the  solenoid  be  removed,  it  ^ 
after  a  few  oscillations,  return,  so  that  its  axis  is  in  the  magnetic  mcridiafl- 
Further,  it  will  be  found  that  in  the  lower  half  of  the  coils  of  mhich  ibe 
solenoid  consists,  the  direction  of  the  current  is  from  east  to  u*csi ;  in  other 


Fig.  789. 
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words,  the  current  is  descending  on  that  side  of  the  coil  turned  towards  the 
«ast   and  ascending  on  the  west.    The  directive  action  of  the  earth  on 


solenoids  is  accordingly  a  consequence  of  that  which  it  exerts  on  circular 
•currents.  In  this  experiment  the  solenoid  is  directed  like  a  magnetic  needle, 
and  the  north  fole^  as  in  magnets,  is  that  end  which  points  towards  the 
north,  and  the  south  pole  that  which  points  towards  the  south.  This  experi- 
ment may  be  made  by  means  of  a  solenoid  fitted  on  a  De  la  Rive's  floating 
battery  (867). 

877.  IKntoal  aottOB  of  mairnets  and  solenoids. — Exactly  the  same 
phenomena  of  attraction  and  repulsion  exist  between  solenoids  and  magnets 

.as  between  magnets  themselves.  For  if  one  of  the  poles  of  a  magnet  be  pre- 
sented to  a  movable  solenoid,  traversed  by  a  current,  attraction  or  repulsion 
will  take  place,  according  as  the  poles  of  the  magnet  and  of  the  solenoid  are 
of  contrary  or  of  the  same  name.  The  same  phenomenon  takes  place 
when  a  solenoid  traversed  by  a  current  and  held  in  the  hand  is  presented  to 
■a  movable  magnetic  needle.  Hence  the  law  of  attractions  and  repulsions 
applies  exactly  to  the  case  of  the  mutual  action  of  solenoids  and  of  magnets. 

878.  Mtttnal  ttotion  of  solenoids. — When  two  solenoids  traversed  by  a 
powerful  current  arc  allowed  to  act  on  each  other,  one  of  them  being  held 
in  the  hand  and  the  other  being  movable  about  a  vertical  axis,  as  shown 
in  fig.  790,  attraction  and  repulsion  will  take  place  just  as  in  the  case  of  two 
magnets.  These  phenomena  arc  readily  explained  by  reference  to  what  has 
been  said  about  the  mutual  action  of  the  currents,  bearing  in  mind  the  direc- 
tion of  the  currents  in  the  extremities  presented  to  each  other. 

879.  AmpAro's  tlieory  of  macnotism.-  Ampere  propounded  a  theory, 
based  on  the  analogy  between  solenoids  and  magnets,  by  which  all  magnetic 
phenomena  may  be  referred  to  clcctrodynamical  principles. 

Instead  of  attributing  magnetic  phenomena  to  the  existence  of  two  fluids. 
Ampere  assumed  that  each  individual  molecule  of  a  magnetic  substance  is 
traversed  by  a  closed  electric  current,  and  further  that  these  molecular  cur- 
rents are  free  to  move  about  their  centres.  The  coercive  force,  however, 
which  is  little  or  nothing  in  soft  iron,  but  considerable  in  steel,  opposes  this 
motion,  and  tends  to  keep  them  in  any  position  in  which  they  happen  to  be. 
^'hen  the  magnetic  substance  is  not  magnetised,  these  molecular  currents. 
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under  the  influence  of  their  mutual  attractions,  occupy  such  positions  that 
their  total  action  on  any  external  substance  is  nil.  Magnetisation  consists 
in  giving  to  these  molecular  currents  a  parallel  direction,  and  the  stronger 
the  magnetising  force  the  more  perfect  the  parallelism.  The  limit  of  mag- 
nciisation  is  attained  when  the  currents  are  completely  parallel. 

The  resultant  of  the  actions  of  all  the  molecular  currents  is  equivalent  to 
that  of  a  single  current  which  traverses  the  outside  of  a  magnet.    For  by 

inspection  of  fig.  791,  in  which 
the  molecular  currents  arc  re- 
presented by  a  series  of  small 
internal  circles  in  the  two  enib 
of  a  cylindrical  bar,  it  will  be 
seen  that  the  adjacent  parts  of 
the  currents  oppose  one  another 
and  cannot  exercise  any  external 
electrodynamic  action.  This  i> 
not  the  case  with  the  surface; 
there  the  molecular  currents  at 
ab  are  not  neutralised  by  other 
currents,  and  as  the  points  tk 
form  a  series  of  elements  in  the  same  directioD 
situated  in  planes  perpendicular  to  the  axis  of  the  magnet,  and  which  con- 
stitute a  true  solenoid. 

The  direction  of  these  currents  in  magnets  can  be  ascertained  by  con- 
sidering the  suspended  solenoid  (fig.  789).  If  we  supposed  it  traversed  b>  - 
current,  and  in  equilibrium  in  the  magnetic  meridian,  it  will  set  in  such  a 
position  that  in  the  lower  half  of  each  coil  the  current  flows  from  fast  ti 
west.  We  have  then  the  following  rule.  At  the  north  pole  of  ma^t^  thi 
direction  of  the  AmpMan  currents  is  opposite  to  that  of  the  hands  of  a  WiL^fi^ 
and  at  the  south  pole  the  direction  is  the  same  as  that  of  the  hands. 

880.  Terrestrial  enrrent. — In  order  to  explain  terrestrial  ma^e:K 
effects  on  this  supposition,  the  existence  of  electrical  currents  is  assume^:, 
which  continually  circulate  round  our  globe  from  east  to  west  perpendicular 
to  the  magnetic  meridian.  The  resultant  of  their  action  is  a  single  curren: 
traversing  the  magnetic  equator  from  east  to  west.  They  are  supposed  In- 
some  to  be  thermoelectric  currents  due  to  the  variations  of  temperanirt 
caused  by  the  successive  influence  of  the  sun  on  the  different  parts  of  the 
globe  from  east  to  west. 

These  currents  direct  magnetic  needles;  for  a  suspended  magnetK 
needle  comes  to  rest  when  the  molecular  currents  on  its  under  surface  a.'* 
parallel  and  in  the  same  direction  as  the  terrestrial  currents.  .As  ti* 
molecular  currents  are  at  right  angles  to  the  direction  of  its  length,  tl* 
needle  places  its  greatest  length  at  right  angles  to  east  and  west,  or  nortk 
and  south.  Natural  magnetisation  is  probably  imparted  in  the  same  way  to 
iron  minerals. 

881.  BaU*s  ezperlment. — In  the  action  of  magnets  on  currents  «hich 
have  been  described  in  the  foregoing  sections,  we  have  been  concerned  wrJ: 
the  action  of  the  magnet  on  the  body  conveying  the  currenL 

Professor   Hall  of  Baltimore  has   made  the  following  experiment  w 
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determine  whether  the  path  of  a  current  in  the  body  of  a  conductor  is  or  is 
not  deflected  when  it  is  exposed  to  the  direct  action  of  a  magnetic  field. 
A  strip  of  gold  leaf,  9  centimetres  in  length  by  2  centimetres  broad,  was 
fastened  on  a  glass  plate,  which  was  placed  between  the  poles  of  an  electro- 
magnet in  such  a  manner  that  the  plane  of  the  strip  was  at  right  angles  to 
the  lines  of  force  of  the  magnetic  field.  The  ends  of  this  strip  were  in 
connection  with  the  poles  of  a  Bunsen's  cell.  Two  wires  leading  to  a 
Thomson's  galvanometer  were  connected  with  two  equipotential  points  at 
the  opposite  edges  of  the  strip  ;  that  is  to  say,  in  two  points,  found  by  trial, 
in  which  there  was  no  deflection  of  the  galvanometer  (738).  When  now  the 
electromagnet  was  excited  by  passing  a  current  through  it,  a  distinct  deflec- 
tion was  produced  in  the  galvanometer,  showing  that  the  path  of  the  current 
in  the  conducting  strip  had  been  deflected.  This  deflection  was  permanent, 
and  could  not  therefore  be  due  to  induction,  and  its  direction  was  reversed 
when  the  current  in  the  magnet  was  reversed. 

The  magnetic  field  acts  thus  upon  the  current  in  the  gold  leaf  in  such  a 
manner  as  to  displace  it  from  one  edge  towards  the  other,  and  to  cause  a 
small  portion  to  pass  through  the  circuit  of  the  galvanometer. 

This  experiment  has  greatly  interested  physicists  from  its  theoretical 
bearings,  as  leading  to  a  method  of  determining  the  velocity  of  electricity  in 
absolute  measure. 
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CHAPTER  V. 

MAGNETISATION   BY  CURRENTS.    ELECTROMAGNETS. 
ELECTRIC  TELEGRAPHS. 

882.  Mmrnetlsatioii  by  eturreiits. — From  the  influence  which  currents 
«xert  upon  magnets,  turning  the  north  pole  to  the  left  and  the  south  pok  to 
the  right,  it  is  natnial  to  think  that  by  acting  upon  magnetic  substances  io 
the  natural  state  the  currents  would  tend  to  separate  the  two  magnetisms 
In  fact,  when  a  wire  traversed  by  a  current  is  immersed  in  iron  filings,  they 
adhere  to  it  in  large  quantities,  but  become  detached  as  soon  as  the  contnt 
ceases,  while  there  is  no  action  on  any  other  non-magnetic  metaL 

The  action  of  currents  on  magnetic  substances  is  well  seen  by  coiling  tf 
insulated  copper  wire  round  a  glass  tube,  in  which  there  is  an  unmagnecised 
steel  bar.  If  a  current  be  passed  through  the  ^ire,  even  for  a  short  time, 
the  bar  becomes  strongly  magnetised. 

If,  as  we  have  already  seen  (791),  the  discharge  of  a  Leyden  jar  be  trans- 
mitted through  the  wire,  by  connecting  one  end  with  the  outer  coating,  and 
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Fig.  792. 


the  other  with  the  inner  coating,  the  bar  is  also  magnetised.     Hence  both 
Toltaic  and  frictional  electricity  can  be  used  for  magnetising. 

If  in  this  experiment  the  wire  be  coiled  on  the  tube  in  such  a  manner 
that  when  it  is  held  vertically  the  downward  direction  of  the  coils  is  froo 
right  to  left  on  the  side  next  the  obser\'er,  this  constitutes  a  right-handed  or 
dextrorsal  spiral  or  helix  (fig.  792),  of  which  the  ordinary  screw  is  an 
example.  In  a  I  eft -handed  or  sinislrarsal  helix  the  coiling  is  in  the  opposiit 
direction,  that  is  from  left  to  right  (fig.  793). 

Fig.  793. 

In  a  right-handed  spiral  the  north  pole  is  at  the  end  at  which  thecunttf 
-emerges,  and  the  south  pole  at  the  end  at  which  it  enters  ;  the  reverse  is  tbe 
case  in  a  left-handed  spiral.  But  whatever  the  direction  of  the  coiling.  tk< 
polarity  is  easily  found  by  the  following  rule  :  If  a  person  su*imtmmgi»  tk 
current  hok  at  the  axis  0/ the  spiral^  the  north  pole  is  always  on  his  UJi.  ♦' 
the  wire  be  not  coiled  regularly,  but  if  its  direction  be  re\-ersed,  at  each 
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change  of  direction  a  consequent  pole  (68 1)  is  formed  in  the  magnet.  The 
simplest  method  of  remembering  the  polarity  produced  is  as  follows  ;  What- 
ever be  the  nature  of  the  helix,  either  right  or  left  handed,  if  the  end  facing 
ihe  observer  has  the  current  flowing  in  the  direction  of  the  hands  of  a  watch, 
■t  is  a  scuth  pole^  and  vice  versa.  The  same  j>olarity  is  produced  whether 
or  not  there  is  an  iron  core  within  the  helix. 

The  nature  of  the  tube  on  which  the  helix  is  coiled  is  not  without  influence* 
Wood  and  glass  have  no  effect,  but  a  thick  cylinder  of  copper  may  greatly 
affect  the  action  of  the  current  unless  the  copper  be  slit  longitudinally.  This 
action  will  be  subsequently  explained.  The  same  is  the  case  with  iron, 
^ilver»  and  tin. 

1  n  order  to  magnetise  a  steel  bar  by  means  of  electricity,  it  need  not  be 
placed  in  a  tube,  as  shown  in  figs,  792  and  793.  It  is  sufficient  to  coll  round 
it  a  copper  wire,  covered  with  silk,  cotton,  or  gutta-percha,  In  order  to  insu- 
^ttc  the  circuits  from  one  another.  The  action  of  the  current  is  thus  multi- 
^  IpBed,  and  a  feeble  current  is  sufficient  to  produce  a  powerful  magnetising 
^Hect- 

8R3.  BteotramAffiietB. — Ekclronmgncts  are  bars  of  soft  iron  which,  under 
the  ifufiuence  of  a  voltaic  current,  become  magnets  ;  but  this  magnetism  is 
lly  temporary,  for  the  coercive  force 
perfectly  soft  iron  is  ///V,  and  the 
►  magnetisms  neutralise  each  other 
as  foon  as  the  current  ceases  to  pass 
thrmigh  the  wire.  If,  however,  the 
iron  is  not  quite  pure,  it  retains  more 
-or  less  traces  of  magnetisation.  Elec- 
tfocnagnets  have  the  horse -shoe  form» 
|shown  m  fig,  794,  iind  a  i  opj>er  wire, 
tred  with  silk  or  cotton,  is  rolled 
times  round  them  on  the  two 
vx  as  to  form  two  bobbins, 
A  sad  11  In  order  that  the  two  ends 
^  the  horse* shoe  may  be  of  opposite 
potAsiry,  the  winding  on  the  two  limbs 
A  sfid  II  must  be  such  that  if  the 
li€>ric-*hae  were  sir.'iightened  out,  it 
woiiM  be  in  the  same  direction, 

•  tromagncts,  instead  of  being 
♦4t*tut.  in  one  piece,  are  frequently  con- 
structed of  two  cylinders,  firmly  screwed 
p_sftaut  piece  of  the  same  metal. 
•  the  electromagnets  in  Morse's 
(B^)  and  the  elcctromag- 
U»  (899),  The  helices  on 
raa*t  be  *^uch  that  the  current  *'*"   ''* 

I  ibur  in  the  same  direction  as  the  hands  of  a  watch  as  seen  from  the 

polc^  and  against  the  hands  of  a  watch  as  seen  from  the  north  pole, 
Tbc  results  at  which  various  experimenters  have  arrived  as  regards  the 
/orce  of  electromagnets  are  often  greatly  divergent,  which  t«  piirtly  due  to 
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the  different  senses  they  have  attached  to  the  notion  ol  electromagnetic fora. 
For  this  may  mean  (I.)  the  induction  current  which  the  development  and 
disappearance  of  the  magnetism  of  an  iron  core  indicate  in  a  sptnd  which 
surrounds  it;  this  is  the  excited  magnetism  \  or  (II.)  the  free  magnetism 
measured  by  the  action  on  a  magnetic  needle,  oscillating  at  a  dbtance; 
(III.)  the  attractive  force ^  or  the  force  required  to  hold  an  armature  at  a 
distance  from  the  electromagnet ;  (IV.)  the  lifting  power  measured  by  the 
force  with  which  an  armature  is  held  in  direct  contact  with  the  pole. 

The  most  important  results  which  have  been  arrived  at  are  the  following  :— 

(i.)  Using  the  term  'electromagnetic  force*  in  the  first  two  senses,  it  // 
proportional  to  the  strength  of  the  current.  This  only  applies  when  the  cur- 
rents are  not  very  powerful,  and  to  stout  bars  ;  for  in  each  bar  there  is,  as 
Miiller  has  found,  a  maximum  of  magnetisation  which  cannot  be  exceeded 

(ii.)  Taking  into  account  the  resistance,  the  electrotnagnetic  force  is  in- 
dependent of  the  nature  and  thickness  of  the  wire.  Thus,  the  strength  of  the 
current,  and  the  number  of  coils  being  the  same,  thick  and  thin  wires  produce 
the  same  effect. 

(iii.)  With  the  same  current  the  electromagnetic  force  is  independent  oj 
the  width  of  the  coils^  provided  the  iron  projects  beyond  the  coils,  and  the 
diameter  of  the  coil  is  small  compared  with  its  length. 

(iv.)  The  temporary  magnetic  moment  of  an  iron  bar  is^  within  certdn 
limits^  proportional  to  the  number  of  windings.  The  product  of  the  intensity 
into  the  number  of  turns  is  usually  spoken  of  as  the  magnetising  power  of 
the  spiral.  The  greatest  m«ignetising  power  is  obtained  when  the  resistance 
in  the  magnetising  spiral  is  equal  to  the  sum  of  the  other  resistances  in  the 
circuit,  those  of  the  batter>'  included,  and  the  length  and  diameter  of  the 
wire  must  be  so  arranged  as  to  satisfy  these  conditions. 

(v.)  The  magnetism  in  solid  and  in  hollow  cylinders  of  the  same  du 
meters  is  the  same,  provided  in  the  latter  case  there  is  sufficient  thickness 
of  iron  for  the  development  of  the  magnetism.  With  currents  below  a  certain 
strength,  wide  tubes  of  sheet  iron  are  far  more  powerfully  magnetised  than 
solid  rods  of  the  same  length  and  weight ;  but  with  more  powerful  currcni> 
the  magnetisation  of  the  latter  preponderates. 

(vi.)  The  attraction  of  an  armature  by  an  electromagnet  is  proportiooal 
to  the  square  of  the  strength  of  the  current  so  long  as  the  magnetic  moment 
does  not  attain  its  maximum.  Two  unequally  strong  electromagnets  attract 
each  other  with  a  force  proportional  to  the  square  of  the  sum  of  both  ciurents. 

(vii.)  For  powerful  currents  the  length  of  the  branches  of  an  elcctn)- 
inagnet  is  without  influence  on  the  weight  which  it  can  support. 

Beetz  observed  that,  for  the  same  strength  of  current,  eiectromagnetism 
is  produced  more  rapidly  in  circuits  with  great  resistance  and  great  electnv 
motive  force  than  in  circuits  with  small  resistance  and  corresponding 
smaller  electromotive  force  ;  in  the  latter  case  the  reverse  currents  which 
occur  in  the  coils  of  the  electromagnet  come  into  play  more  than  in  the 
former. 

During  magnetisation  the  volume  of  a  magnet  does  not  vary.  This  has- 
been  established  by  placing  the  bar  to  be  magnetised  u-ith  its  helix  in  a  jor 
of  water  thermometer,  consisting  of  a  flask  provided  with  a  capillan*  tubf. 
On  magnetising,  no  alteration  in  the  position  of  the  water  is  obser^-ed.    Bet 
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the  dimensions  vary ;  the  diameter  is  somewhat  lessened,  and  the  length 
increased :  according  to  Joule  to  the  extent  of  about  o7u\joo)  i^  ^^^  ^^  ^^ 
magnetised  to  saturation. 

As  regards  the  quality  of  the  iron  used  for  the  electromagnet,  it  must  be 
pure,  and  be  made  as  soft  as  possible  by  being  reheated  and  cooled  a  great 
many  times  ;  it  is  polished  by  means  of  a  file,  so  as  to  avoid  twisting.  If 
this  is  not  the  case,  the  bar  retains,  even  after  the  passage  of  the  current,  a 
quantity  of  magnetism  which  is  called  the  rematUui  magnetism,  A  bundle 
of  soft  iron  wires  loses  its  magnetism  more  rapidly  than  a  massive  bar  of 
the  same  size.  According  to  Stone,  iron  wires  may  be  materially  improved 
for  electromagnetic  experiments  by  forming  them  into  bundles  by  tying 
them  round  with  wire  ;  these  bundles  are  then  dipped  in  melted  paraffine 
and  set  fire  to. 

Remanent  magnetism  is  greater  in  long  magnets— those,  that  is  to  say,  in 
which  the  diameter  is  small  in  proportion  to  the  length.  It  is  decidedly 
greater  in  soft  iron  when  the  magnetising  current  is  not  opened  suddenly,  as 
is  usually  the  case,  but  is  gradually  brought  to  zero  by  inserting  successively 
greater  resistances.  By  suddenly  opening  the  current  it  has  occasionally 
been  found  with  thick  rods  of  very  soft  iron  that  a  reversed  remanent  mag- 
netism is  met  with,  which  is  called  abnormal  magnetisation. 

This  is  easily  understood  from  the  tendency  of  molecular  magnets  to  re- 
vert to  this  primitive  condition  (879).  In  doing  this  they  experience  a  certain 
friction  or  resistance,  and  when  the  magnetisation  gradually  diminishes  this 
hinders  the  complete  reversal  of  the  molecules  :  but  with  a  sudden  cessation 
the  molecules,  from  the  greater  7ns  viva  of  their  reversal,  will  sooner  come 
back  to  their  original  position,  or  even  pass  it,  and  come  to  rest  on  the 
opposite  side. 

884.  VtlMratory  motion  and  sounds  prodneed  by  emrents. — When  a 
rod  of  soft  iron  is  magnetised  by  a  strong  electric  current,  it  gives  a  ver)- 
distinct  sound,  which,  however,  is  only  produced  at  the  moment  of  closing 
or  opening  the  current.  This  phenomenon,  first  obser\'ed  by  Page  in 
America,  and  by  Delezenne  in  France,  was  particularly  investigated  by 
De  la  Rive,  who  attributed  it  to  a  vibratory  motion  of  the  molecules  of 
iron  in  consequence  of  a  rapid  succession  of  magnetisations  and  demag- 
netisations. 

When  the  current  is  broken  and  closed  at  ver>'  short  intervals,  De  la  Rive 
observed  that,  whatever  be  the  shape  or  magnitude  of  the  iron  bars,  two 
sotmds  may  always  be  distinguished  ;  one,  which  is  musical,  corresponds  to 
that  which  the  rod  would  give  by  vibrating  transversely  ;  the  other,  which 
consists  of  a  series  of  harsh  sounds,  corresponding  to  the  interruptions  of 
the  current,  was  compared  by  De  la  Rive  to  the  noise  of  rain  falling  on  a 
metal  roof.  The  most  marked  sound  is  that  obtained  by  stretching,  on  a 
sounding-board,  pieces  of  soft  iron  wire,  well  annealed,  from  i  to  2  mm.  in 
diameter  and  1  to  2  yards  long.  These  wires  being  placed  in  the  axis  of  one 
or  more  bobbins  traversed  by  powerful  currents,  send  forth  a  number  of 
sounds,  which  produce  a  surprising  effect,  and  much  resemble  that  of  a 
number  of  church  bells  heard  at  a  distance. 

Wertheim  obtained  the  same  sounds  by  passing  a  discontinuous  cur- 
rent, not  through  the  bobbins  surrounding  the  iron  wires,  but  through  the 
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wires  themselves.  The  musical  sound  is  then  stronger  and  more  : 
in  general  than  in  the  previous  experiment.  The  hypothesb  of  a  mofeoihr 
movement  in  the  iron  wires  at  the  moment  of  their  magnetisation,  and  of 
their  demagnetisation,  is  confirmed  by  the  researches  of  Weitfaeim,  who 
found  that  their  elasticity  is  then  diminished. 

885.  Keia's  telepboiie. — The  essential  features  of  this  instrument  (fi|. 
795}  are  a  sort  of  box,  B,  one  side  of  which  is  closed  by  a  membrane  C^ 

while  there  is 
^__^  ^  ^    mouthpiece, 

A,  in  another 
side.  On  the 
membrane  is  a 
piece  of  thb 
metal-foil  C, 
which  is  con- 
nected with  a 
wire  leading  ID 
one  pole  of  the 
Fig.  795.  battery  G,  the 

other  pole  of 
which  is  put  to  earth.  Just  above  the  foil,  and  almost  touching  it,  b  a  metal 
point  D,  which  is  connected  by  the  line  wire  (886)  with  one  end  of  a  coil  of 
insulated  wire  surrounding  an  iron  wire,  the  other  end  of  which  is  pat  to  caith. 
When  the  mouthpiece  is  spoken  or  sung  into,  the  sounds  set  the  mem- 
brane in  vibration  ;  this  alternately  opens  and  closes  the  current,  and  tbese- 
makes  and  breaks  being  transmitted  Uirough  the  circuit  to  the  electromagoet 
F,  produce  the  corresponding  sounds. 
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886.  Sleetiie  tolecimplia. — These  are  apparatus  by  which  signals  can  br 
transmitted  to  considerable  distances  by  means  of  voltaic  currents  propi- 
gated  in  metallic  wires.     Towards  the  end  of  the  last  century,  and  at  tbr 
beginning  of  the  present,  many  philosophers  proposed  to  correspond  at  a 
distance  by  means  of  the  effects  produced  by  electrical  machines  when  prc- 
pagated  in  insulated  conducting  wires.     In   181 1,  Soemmering  invented  •i 
telegraph,  in  which  he  used  the  decomposition  of  water  for  giving  signal 
In  1820,  at  a  time  when  the  electromagnet  was  unknown.  Ampere  proposeii 
to  correspond  by  means  of  magnetic  needles,  above  which  a  current  was  senn- 
as many  wires  and  needles  being  used  as  letters  were  required.     In  i$34- 
Gauss  and  Weber  constructed  an  electromagnet  telegraph,  in  which  a  vdtaii 
current  transmitted  by  a  wire  acted  on  a  magnetised  bsir,  the  oscillations  0: 
which  under  its  influence  were  observed  by  a  telescope.    They  succeeded  it 
thus  sending  signals  from  the  Observatory  to  the  Physical  Cabinet  in  Ck* 
tingen,  a  distance  of  a  mile  and  a  quarter,  and  to  them  belongs  the  hooocro 
having  first  demonstrated  experimentally  the  possibility  of  electrical  coir 
munication  at  a  considerable  distance.     In  1837,  Steinheil  in  *Miinich,  as* 
Wheatstone  in  London,  constructed  telegraphs  in  which  several  wires  cac^ 
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acted  on  a  single  needle  ;  the  current  in  the  first  case  being  produced  by  an 
declTOixiagneiic  machine,  and  in  the  second  by  a  constant  batter>^ 

Every  electric  telegraph  consists  essentially  of  three  parts  ;  ,i,  a  circuit 
consisting  of  a  metallic  connection  between  two  places,  and  an  eUctromotor 
for  producing  the  current ;  2,  a  communicator  for  sending  the  signals  from 
the  one  station  ;  and,  3,  an  indicator  for  receiving  them  at  the  other  station. 
The  manner  in  which  these  objects,  more  especially  the  last  two,  are  eflfccted 
can  be  greatiy  varied,  and  we  shall  limit  ourselves  to  a  description  of  the 
three  principal  methods. 

One  form  of  electromotor  still  sometimes  used  in  England  is  a  modifica- 
tiofi  of  Wollaston's  batter)*.  It  consists  of  a  trough  divided  into  compart- 
UiQilU  10  each  of  which  is  an  annalgamated  zinc  plate  and  a  copper  plate  ; 
lib^^  plates  are  usually  about  4^  inches  in  height  by  3|  in  breadth.  The 
compartments  arc  tilled  with  sand,  which  is  moistened  with  dilute  sulphuric 
aod.  This  battery  is  inexpensive  and  easily  worked^  only  requiring  from 
tone  to  time  the  addition  of  a  little  acid  ;  but  it  has  very  low  electromotive 
(iorce  and  considerable  resistance,  and  when  it  has  been  at  work  for  some 
tinie  the  effects  of  polarisation  begin  to  be  perceived.  On  the  telegraphs  of 
the  South- Eastern  Railwayi  the  plati- 
iitoed  graphite  (8t  t)  battery,  invented  by 
Mr.  C  V.  Walker,  has  been  used  with 
sticcess^  On  circuits  on  which  there  is 
constant  work  some  form  of  DanielPs 
battery  \%  used,  and  for  other  circuits 
Kb^a  cell  is  coming  into  more  ex- 
use.  In  France,  DanicU's  bat- 
is  used  for  telegraphic  purposes. 

The  connection  between  two  stations     --     ■ 
tt  made  by  means  of  galvanised   iron  I  ^    '*- 

wire  suspended   by   porcelain  supports 
(6g»  796),  which  instiJate   and  protect  '  -  ' 

against  tlic  rain,  either  on  posts  or  against  the  sides  of  buildings.  In 
Eoglmii  and  other  moist  climates  special  attention  is  required  to  be  paid  to 
liie  ptfCectian  of  the  insulation.  In  towns,  wires  covered  with  gutta-percha 
are  placed  in  tubes  laid  in  the  ground.  Submarine  cables^  where  great 
vtrcogth  is  required  combined  with  lightness  and  high  conducting  power. 


rig.  797. 


ri«.i^ 


are  Ibrmed  on  the  general  type  of  one  of  the  Atlantic  cables,  a  longitudinal 
mir  of  which  is  given  in  fig.  797,  while  fig.  798  represents  a  cro^s  section* 
In  the  centic  is  the  cort^  which  is  the  conductor;  it  consists  of  seven  copper 
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wires^  each  j  mm.  in  diameter,  twisted  in  a  spiral  strand  and  m^errfl  wii> 
several  layers  of  jjutta-percha,  between  each  of  which  is  u  coaling  of  i 
teriofCs  compound— vi  mixture  of  tar,  resin,  ai^d  gulta-pcrcha.  This 
the  insulator  proper,  and  it  should  have  jp-eai  resistance  to  the  ] 
electricity,  combined  with  low  specific  inductive  capacity  (748),  Koujpdthe 
ipsulator  is  a  coating  of  hemp,  and  on  the  outside  is  wound  ^pcndly  apro' 
tccting  sheath  of  steel  wire,  each  of  which  is  spun  round  with  hemp. 

At  the  station  which  sends  the  despatch,  the  line  is  conne       '  the 

positive  pole  of  a  battery^  the  current  passes  by  the  line  to  the  .  ,<rw 

and  if  there  were  a  second  return  line,  it  A^-ould  traverse  it  in  the  t3i|)po«ce 
direction  to  return  to  the  negative  pole.  In  1837,  Stcinheil  tnadc  the  terf 
importajit  discovery  that  the  earth  might  be  used  for  the  return  cofuliictan 
thereby  saving  the  expense  of  the  second  line.  For  this  purpose  the  cod  el 
the  conductor  at  the  one  station,  and  the  negative  pole  of  the  bnttcf)*  af  the 

other,  arc  connt'i-tM  «iil 
Iftrge  copper  ;  rh 

are  sunk  to  i»..,..v^ ..  ^iiifl 
I  he  ground.  The  actidt 
is  then  the  same  «s  if  ibr 
earth  acted  as  a  ttcan 
wire.  The  earth  ii^  i^ 
deed,  far  supenor  »  a 
return  wire ;  for  the  iilM 
resisl;ince  of  i«ch  %  ww 
would  be  ronsidcnlsie. 
whereas  the  tesifttuicv  cl 
the  earth  beyond  a  ebon 
iti stance  is  absolutely  mi 
The  earth  rcallr  Mas- 
piMiis  the  electricity  n^ 
doe?»  not  acttially  i«w* 
the  %ame  curreni  to  fit 
batter>'. 
8«7 

consists  cssenfUUy  or  • 
vertical  multiplier  Sii 
with  an  aslatie  neeillr. 
the  arrajigenteot  of  vbic^ 
is  seen  in  6je.  80a  «^ 
fi^»  799  give*  a  from  y^ 
of  the  case  in  which  the  apparatus  is  placed.  A  (fig.  800)  a  tbe  bc^^*««^ 
consisting  of  about  400  feet  of  fine  copper  wire,  \^ound  in  a  ftanir 
connected  coils.  Instead  of  an  astatic  needle,  Mr.  Walker  haslciiir»i  - 
\ antageous  to  use  a  single  needle  formed  of  sever.il  pieces  of  lety  J 
strongly  magnetised  ;  it  works  with  the  bobbin,  and  a  li^bt  indei 
it  by  a  horizontal  axis  indicates  the  motion  of  the  needle  on  the  dilL 
The  signs  are  made  by  transmitting  the  « itinnt  \\\  diP 


^j'r 


u  V 


^!i\\ 


L. 


t^AT 


•"  ic    799' 
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raugli  the  multiplier,  by  which  the  needle  is  dcflectect  either  to  the  right 
Jeft|  according  to  the  will  of  the  operator.  The  instrument  by  which  this 
Ejected  is  a  commuhtfor  or  key,  G*  fig,  801  ;  its  action  is  shown  in  tig,  801 , 
bile  fig»  800  shows  on  a  large  scale  how  two  stations  are  connected.  It 
m^iists  of  a  cylinder  of  boxwood  with  a  handle^  which  projects  in  front  of 

case  (fig,  800;.  On  its  circumference  parallel  to  the  axis  are  seven  brass 
rips  {^Z*  ^0»  t^^  spaces  between  which  are  insulated  by  ivor)^;  these 
rips  arc  connected  at  the  end  by  metallic  wires,  also  insulated  from  each 
Icr,  in  the  following  manner  :  a  with  d  and  r,/with  </,  and  e  with  g.  Four 
ring*  press  against  the  cylinder  :  .r  and  y  are  connected  with  the  poles  of 

battery,  jw,  with  the  earth  plate,  and  n  with  one  end  of  the  multiplier,  N. 

When  not  at  work  the  cylin- 
and    the    handle    arc   in    a 
riical  p^'Ukiiion,  as  seen  on  the 

of  the  diagTam.  The  circuit 
thus  <5'/^w,  for  the  pole  springs, 
and  y^  are  not  connected  with 
metal  of  the  commutator. 
It  t^  jis  in  the  figure  on  the 
[ht,  the  key  is  turned  to  the 
jilt,  the  battery  is  brought  into 
cirmit,  and  the  current 
s  in  the  folio w^ing  direc* 
-f  pole,  rVi'A'/i'MV'N, 
^pMmumEp^  earth 
\i  r,-pc>lc.     The  coils  N 

K&  iN'arc  so  arranged  thai  by 
t  action  of  the  current  the  mo- 
ll of  the  needle  corresponds 
the  motion  of  the  handle.  By 
sung  the  handle  to  the  left  the 
rrroc  would  have  the  following 
action:  4  pole  x'dfm'VJp% 
rth  pY^m^abnWq^  conductor 
fyi*m'h'a'y\  -  pole,  and  thus  the 

K would  be  defected  in  the 
c  direction, 
\  ftigns  are  given  by  differ- 
if  coobined  deflections  of  the 
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at  represented  in  the  alphabet  on  the  dial  (fig,  799),     \  denotes  a 
of  the  upper  end  of  lire  needle  to  the  left,  and  /  a  deflection  to 
right  ;   ^  lancc,  is  indicated  by  two  deflections  to  the  left,  and  M 

tifo  10  \  Some  of  the  marks  on  the  alphabet  arc  only  half  ** 

Ibe  <>itict>  ;  this  indicates  that  the  shortest  of  the  connected  marks 
■I  first  be  iignalletL  Thus,  I)  is  expressed  by  rig  hi -left  left,  and  C  by 
bt-left-riglit-leff,  etc. 

Hieatt  sign*  arc  somewhat  complicated  and  require  great  practice  5 
Hiiljr  HOC  more  than  tr  to  20  words  can  be  sent  in  a  minute.  The  singlc- 
telegrmph  was  formerly  sometimes  replaced  by  the  double -needle  one, 

3H 


Fi^.  Soi, 
k — Of  these  many  kinds  exist.     Figs.  8b| 
lectiife*itiodel  of   one  form,  constructed    by  Fi 

which   will  serve  to  illustmie  the  pHactpb 
consists    of   two    parts—the   ^^    f^r    rm«vmr&tr 
signals   (fig.  803,  ,ind  the  m^ 

receiving  them.    The  first  apj**. .,  .,  *^Ww. - 

with  a  battery,  Q,  and  the  two 
in  communication  by  means  qf  mrtal  wtits*  * 
of  which,  AOD  (fig.  803),  goes  from  the  deparsi 
to  the  arrival  station,  and  tl>c  other,  HKLl  %■ 
804),  from  the  arrival  to  the  dcparturvL  In  pe>5^, 
the  latter  is  replaced  by  the  •  uit 

apparatus  is  furnished  with  a  1$ 

letters  of  the  alphabet,  on  which  a  nc^It 
The  needle  at  the  dcpariun?  sintifrn  rs 
hand,  that  of  the  arrival  * 
The  path  of  the  current  and  its  effects  arc  as  Rm 
passes  through  a  copper  wire,  A  (fig.  S03X  into  a  br«s  spting,  N, 
presses  against  a  metal  wheel,  R,  then  by  a  second  spring,  M»  tfito 
O,  which  joins  the  other  station,    llience  the  cufreni  passes iwolht 
of  an  electromagnet,  d,  not  fully  shown  in  fig.  S«>4,  b«t  ^  whk* 
represents  a  section,  showing  the  front  of  the  appor^ot.  Tbb 
is  fixed  horizontally  at  one  end,  and  at  llie  other  ll  attiscts  a 
soft  iron,  a,  which  forms  part  of  a  bent  Ic^-cr,  nKHrmble  mboot  fti  im  ^ 
a  spring,  r,  attracts  the  lever  in  the  opposHt  dlmaocL 
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molion  if  prodtsced.  «iikfa  is  ccnuTnnivTnrf  i»  :&e  axk  F 
It  to  a  toothed  vheel,  G,  on  the  ajis^  ic  -voaist  is  zxe  trrirfir  Ftod  tbe 
arrangement  of  its  teeth,  the  vhecu  G  is  iiiwxvi  ^zu^'si  ji  :fte  same  izrecnoa 
by  the  fork. 

To  explain  the  intermittent  actiosk  cf  :^  nagmer,  we  snst  icier  to  &;. 
^3.  The  toothed  wheel,  R«  has  26  ife±.  ^  w^nia  z^  czKrespoDd  t^  Srun 
of  the  alphabet,  and  the  last  to  the  mserral  mnwjl  jeLweeii  die  Letsen  Z 
and  A.  Wlien  holding  the  knoib  Pis  litekaB^dhewbeel  R is ttmied. die eod 
of  the  plate  N  from  its  corratiire  is  alwars  s  i  \m\iM  '  with,  the  teeth ;  tk 
plate  M,  on  the  contrary,  tenninases  ia  a  racrfc  cac  so  rhac  cnnfarr  is  alter- 
nately made  and  broken.  Hcnoe,  the  cxnnecdaass  wict  rbe  boctcnr  luns^ 
been  made,  if  the  needle  P  is  adianoed  ifiiwii^fc  fear  JeBeow  fcr  qapplctbe 
current  passes  four  times  in  N  and  M,  and  b  isizranesbrokesL  Theekcoo- 
magnet  of  the  arrival  station  will  tbeo  bai«  jt'iji  "wI  Soar  tniies«  aad  bare 
ceased  to  do  so  four  umes.  Lasdy,  the  wtee£  G  wul  itare  tunseri  by  fxr 
teeth,  and  as  each  tooth  corresponds  ^  a  imrr,  dbe  wesaStt  of  the  arrni 
station  will  have  passed  through  exacthr  the  same  rnnnhrr  of  Letters  as  du: 
of  the  departure  station.  The  piece  S,  repfeseseeni  m  the  two  denies,  .s  1 
copper  plate,  movable  on  a  hmgc,  which  series  to  asajce  or  to  break  ±e 
current  at  will. 

From  this  explanation  it  «-iIl  be  readily  JigrTIigibte  how  commonicadoci 
are  made  between  different  places^  Suppose.  %x  rfamptr.  thai  the  £rs:  ap- 
paratus being  at  London  and  the  second  ar  Brightoa.  there  bein^  cxuTJc 
connection  between  the  two  towns,  i:  is  desired  to  sesc  die  word  ngmi^  '<? 
the  latter  town  :  as  the  needles  correspond  oa  each  apparams  to  the  tDtenii 
retained  between  Z  and  .\,  the  person  sending  the  despatch  mines  ih« 
needle  V  to  the  letter  S,  where  it  stops  for  a  k^z\  short  time :  as  the  nwuif 
in  Hrighton  accurately  reproduces  the  motion  of  the  Loodon  needle,  it  >::*p> 
at  the  same  letter,  and  the  person  who  rece:\-es  the  despatch  notes  this  jcnrr 
The  one  at  London,  always  continuing  to  turn  in  the  same  diiectioD.  s:3ps 
at  the  letter  I,  the  second  needle  immediately  stops  at  the  same  letter :  x-^ 
continuing  in  the  same  manner  with  the  letters  G,  N,  A,  L,  all  the  woni  ■*> 
soon  transmitted  to  Brighton.  The  attention  of  the  obserrer  at  the  arr^i 
station  is  attracted  by  means  of  an  electric  alaimn.  Each  station  v::^ 
further  \yt  provided  with  the  two  apparatus  'ngs^  803  and  SQ4),  without  »bK*i 
it  would  be  impressible  to  answer. 

8S9.  BCorse*s  talacn^P^ — The  telegraphs  hitherto  described  lea^^  i» 
trace  of  the  despatches  sent,  and  if  any  errors  ha\-e  been  made  in  cc»pjria: 
the  signals  there  is  no  means  of  remed)-ing  them.  These  inconveniences 
are  not  met  with  in  the  case  of  the  writing  UUgrapks^  in  which  the  ag» 
themselves  are  printed  on  a  strip  of  paper  at  the  time  at  which  they  «« 
transmitted. 

Of  the  numerous  printing  and  writing  telegraphs  which  have  been  derised 
that  of  Morse,  first  brought  into  use  in  North  America,  is  best  known.  IJ 
has  been  almost  universally  adopted  on  the  ContinenL  In  this  instnunes: 
there  are  three  distinct  parts  :  the  receiver,  the  semder^  and  the  relay  \  i^ 
805,  806,  807,  and  808  represent  these  apparatus. 

Receiver.  We  n-ill  first  describe  the  receiver  (fig.  805),  leaving  out  d»^ 
for  the  moment  the  accessor)'  pieces,  G  and  T,  placed  on  the  right  of  tbf 
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ire.  The  current  which  enters  the  indicator  by  the  wire,  C,  passes  into  an 
ctro-magnct,  E,  which,  when  the  current  is  closed,  attracts  an  armature  of  soft 
n.  A,  fixed  at  the  end  of  a  horizontal  lever  movable  about  an  axis,  x ;  when 
t  current  is  open  the  lever  is  raised  by  a  spring,  r.  By  means  of  two  screws, 
».nd  r,  the  amplitude  of  the  osciHations  is  regulated.  At  the  other  end  of 
\  lever  there  is  a  pencil,  <?,  which  writes  the  signals.  For  this  purpose  a 
%  band  of  strong  paper,  hp^  rolled  round  a  dnim,  R,  passes  between  two 
iper  rollers  with  a  rough  surface^  w,  and  turning  in  contrary  directiODs. 
nwo  in  the  direction  of  the  arrows,  the  band  of  paper  becomes  rolled  on  a 
Diid  drum,  y,  which  is  turned  by  hand.  A  clockwork  motion  placed  in 
I  box,  BD,  works  the  rollers,  between  which  the  band  of  paper  passes. 
The  paper  being  thus  set  in  motion,  whenever  the  electromagnet  works, 
\  |>oint  o  strikes  the  paper,  and,  without  perforating  it,  produces  an  indcn- 


^ 


Fig,  «os 

he  shape  ot  which  depends  on  the  time  during  which  the  point  is  in 
\tmA  with  the  paper.  If  it  only  strikes  it  instantaneously,  it  makes  a  dot 
or  short  stroke  ;  but  if  the  contact  has  any  duration,  a  diish  ( — )  of  corre- 
lodtog  length  is  produced.  Hence,  by  varying  the  length  of  contact  of 
i  tnuumitting  key  at  one  station,  a  combination  of  dots  and  dashes  may 
pnMJticed  at  another  station,  and  it  is  only  necessary  to  give  a  definite 
pain;^  to  these  combinations. 

I  Jo  order  to  make  an  indentation  a  considerable  pressure  is  required,  which 
pcwtteteti  the  employment  of  a  strong  current,  and  the  newer  instnitnents 
^  S06)  are  based  on  the  use  of  ink-u^iiers.  The  paper  band  paaaet 
tM  l<N  but  not  touching,  a  metal  disc  wkh  a  fine  edge,  r,  which  tuma 
imst  a  small  ink^roHfr^  n^  all  being  rotated  by  the  same  mechanism. 
bcB  die  end  A  is  attracted,  the  bent  plate  at  the  other  end  presses  the 
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paper  against  the  disc  which  is  inked  by  contact  with  the  ink-raOer,  and 
thus  produces  a  mark  on  the  paper,  which  is  either  short  or  long  atuiidim 

to  the  dofinoB 
^-  of  the  oootacL 
The  signs  aie 
thns  more  fe- 
gible  and  lit 
prodoced  bjr 
fss  weaker  cur- 
rents. 

The  same 
tel^raphk  al- 
phabet b  Dov 
universally 
used  whqeftr 


Fig.  3<yf. 


telegraphic  communication  exists ;  and  the  signab  for  the  single-needle  instn- 
ment  (fig.  799)  as  well  as  those  used  for  printing  have  been  modified,  so  that 
they  now  correspond  to  each  other.  Thus  a  bcsat  of  the  top  of  the  needle  to 
the  left  \  is  equivalent  to  a  dot :  and  a  beat  to  the  right  /  to  a  dash.  Tk 
following  figure  gives  the  alphabet. 
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The  flag  signals  used  in  military  operations  are  similarly  used.  A  swui; 
of  the  fiag  from  its  upright  vertical  position  to  the  right  or  left  has  the  stf< 
meaning  as  the  corresponding  motion  of  the  top  end  of  the  needle.  So  too 
long  or  short  obscurations  of  the  limelight  used  in  signalling  by  night,  or  o» 
the  heliograph  (523),  correspond  to  dashes  and  dots. 

Sender  or  key.    This  consists  of  a  small  mahogany  base,  which  acts  1^ 


^pport  for  a  metal  lever  ad  (fig.  S07),  movable  in  its  middle  on  a  horizontal 
bcis.     The  extremity  a  of  this  lever  is  always  pressed  upwards  by  a  spring 
pneath,  so  that  it  is  only  by  pressing  with  the  finger  on  the  key  B  that  the 
►>er  sinks  and  strikes  the  button  ,r.     Round  the  base  are  three  binding 
Icrcws,  one  connected  with  the  wire  P,  which  comes  from  the  |x>sitive  pole 
|f  the  battery  ;  the  second  connected  with  L,  the  line  wire  ;  and  the  third 
iritli  the  wire  A,  which  passes  to  the  indicator,  for  of  course  two  places  in 
ipmmunication  are  each  provided  with  an  indicator  and  communicator. 
\     These  details  known,  there  arc  two  cases  to  be  considered,     i.  The  key 
Irmnged   so  as   to  receive  a  message   from   a  distant  station  ;   the  end 
is  then  down,  as  represented  in  the  figure,   so  that   the  current  which 
1VCS  by  the  line  w  ire  L. 
lid   ascends  in  the  me- 
ilitc   piece   nt^   descends 
I  the  wire  A,  which  leads 
lo  the  indicator  of  the 
at  which   the  ai 
b  placed.    2. 
i^e  is    to  be  trans       ^ 
in  this  case  the      ^ 
B  is  pressed  so  that 
\  lever  comes  in  c»intact 
Ipith  the  button  .r.     The 

!nt  of  the  iocai  battery,  which  comes  by  the  wire  P,  asrending  then  in 
le  lever,  descends  by  m  and  joins  the  wire  L,  which  conducts  it  to  the 
lion  to  which  the  despatch  is  addressed.     According  to  the  length  of  time 
ig  which  B  is  pressed,  a  dot  or  a  line  is  produced  in  the  receiver  to 
h  the  current  proceeds. 
Relay.     In  describing  the  receiver  we  have  assumed  that  the  current  ot 
coming  by  the  w  ire  C  (fig.  805)  entered  directly  into  the  dcclro- 
and  worked  the  annature  A^  producing  a  despatch  ;  but  when  the 
t  has  traversed  a  distance  of  a  few  miles  its  strength  has  diminished 
greatly  that  it  cannot  act  upon  the  electromagnet  with  sufficient  force  to 
a  despatch.     Hence  it  is  necessary  to  have  recourse  to  a  relay — ^thai  is, 
an  aiutiliary  electromagnet  which  is  still  traversed  by  tite  current  of  the 
ev  but  wliich  serves  to  introduce  into  the  communicator  the  current  of  a 
pWi/Aaitefjof  four  or  nvc  elements  placed  at  the  station,  and  which  is  only  used 
^rmtlh  transmitted  by  the  wire. 

Fortiv  the  current  entering  the  relay  by  the  binding  screw,  L 

%%.  8of  X  pauses  into  an  electromagnet,  £«  whence  it  passes  mio  the  earth 
y  tba  biiiding  screw  T.  Now,  each  time  that  the  current  of  the  line  pastes 
the  felafi  the  electromagnet  attracts  an  arm<iture«  A,  fi.\ed  at  the  bottom 
fm  ratieal  lever,/,  which  oscillates  about  a  horizontal  axis. 
Al  ttKli  oscillation  the  top  of  the  lever  /  strikes  against  a  button  m^ 
1  at  lliia  moment  the  current  of  the  local  battery  which  enters  by  the  bind- 
jacrear  r^  ascends  the  column  m^  passes  into  the  lever  /,  dcscendi^  by  the  it>d 
^  wtech  transmits  it  to  the  screw  Z  :  thence  it  entcfs  the  ete' tfomagnel  of  the 
',  whence  it  emerges  by  the  wire  Z,  to  return  to  the  local  batter)'  from 
lliicli  it  ilarted*    Then,  when  the  current  of  the  line  is  open,  the  ekctro- 


840 


DfrnamicaJ  Electricity, 


PM- 


magnet  of  the  relay  does  not  act^  and  the  lever/,  drawn  by  a  spring r,  kavcs 
the  button  n^  as  shown  in  the  drawing,  and  the  local  current  no  longer 
passes.  Thus  the  relay  transmits  to  the  indicator  exactly  the  same  phases  of 
passage  and  intermittence  as  those  effected  by  the  manipulator  in  the  stadoo 
which  sends  the  despatch. 

With  a  general  battery  of  25  DanielFs  elements  the  current  is  usuaDy 
strong  enough  at  upwards  of  90  miles  from  its  starting-point  to  work  a  relay. 
For  a  longer  distance  a  new  current  must  be  taken,  as  will  be  seen  in  tbe 
paragraph  on  the  change  of  current  {yide  infra). 

Working  o/th€  three  apparatus.  The  three  principal  pieces  of  Morses 
apparatus  being  thus  knoiA-n,  the  (flowing  is  the  actual  path  of  the  currenL 

The  current  d 
the  line  coming  b? 
the  wire  L  (fig.  805) 
passes  at  first  » 
the  piece  T  intended 
to  ser\'e  as  light- 
ning-conductor 
when,  from  tbe  iD- 
fiuence  of  atmos- 
pheric electricity  IB 
time  of  storm,  tk 
conducting  wiits 
become  char^ 
with  so  much  elec- 
tricity as  to  jT^ 
dangerous    spa-'i^ 

This  apparatus  consists  of  two  copper  discs,  </andyJ  pro\nded  ^^ith  teeth  oa 
the  sides  opposite  each  other,  but  not  touchinj;.  The  disc  d  is  conncc:e<i 
with  the  earth  by  a  metal  plate  at  the  back  of  the  stand  which  supports  this 
lightning  conductor,  while  the  discy" is  in  the  current.  The  latter  coining bf 
the  line  L  enters  the  lightning-conductor  by  the  binding  screw  ti.\ed  at  the 
lower  part  of  the  stand  on  the  left ;  then  rises  to  a  commutator,  n,  which  con- 
ducts it  to  a  button,  r,  whence  it  reaches  the  disc  /  by  a  metal  plate  at  tbe 
back  of  the  stand  :  in  case  a  lightning  discharge  should  pass  along  tbe  vrbt 
it  would  now  act  inductively  on  the  disc  </,  and  emerge  by  the  points  witboct 
danger  to  those  about  the  apparatus.  Moreover,  from  the  disc/,  the  cuntfit 
passes  into  a  very  fine  wire  insulated  on  a  tube,  e.  As  the  wire  is  mcJteii 
when  the  discharge  is  too  strong,  the  electricity  does  not  pASS  into  'J* 
apparatus,  which  still  further  removes  any  danger. 

Lastly,  the  current  proceeds  from  the  foot  of  the  support  to  a  sere*  cc 
the  right,  which  conducts  it  to  a  small  galvanometer,  G,  serving  to  indhZJif 
by  the  deflection  of  the  needle  whether  the  current  passes.  From  th:? 
galvanometer  the  current  passes  to  a  key  <  fig.  807),  which  it  enters  a:  I. 
whence  it  emerges  at  A  to  go  to  the  relay  ;fig.  80S;.  Elnterio^  thi5  * 
L,  it  works  the  electromagnet,  and  establishes  the  communicatx»o  Dcoess*^ 
for  the  passage  of  the  current  of  the  local  batter^-,  as  has  been  sa*:  - 
speaking  of  the  relay. 

Change  of  current.     To  complete  this  description  of  Morses  appinra  ' 
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must  be  observed  that  in  general  the  current  which  arrives  at  L,  after  having 
traversed  several  miles,  has  not  sufficient  force  to  register  the  despatch,  nor 
to  proceed  to  a  new  distant  point.  Hence  in  each  telegraphic  station  a 
new  current  must  be  taken,  that  of  iht  postal  battery^  which  consists  of  20  to 
30  DanielFs  elements,  and  is  not  identical  with  the  local  battery. 

This  new  current  enters  at  P  (fig.  805),  reaches  a  binding  screw  which 
conducts  it  to  the  column  H,  and  thence  only  proceeds  further  when  the 
armature  A  sinks.  A  small  contact  placed  under  the  lever  then  touches  the 
button  V  \  the  current  proceeds  from  the  column  H  to  the  metallic  mass 
BD,  whence  by  a  binding  screw  and  a  wire,  not  represented  in  the  figure,  it 
reaches,  lastly,  the  wire  of  the  line,  which  sends  it  to  the  following  post,  and 
so  on  from  one  point  to  another. 

89a  C«wp«r's  wHtiBff  telayimpli. — This  very  remarkable  invention  is 
a  true  telegraph,  in  that  it  faithfully  reproduces  at  a  distance  an  exact  facsimile 
of  a  person's  handwriting.  The  following  is  a  general  idea  of  the  principle 
of  the  instrument. 

Two  line  wires  are  required,  which  are  severally  connected  at  the  re- 
ceiving station  with  two  galvanometers,  whose  coils  are  at  right  angles  to 
each  other.  At  the  sending  station  is  a  vertical  pencil  with  two  light  rods, 
jointed  to  it  at  right  angles  to  each  other.  One  of  these  contact  rods  guides 
a  contact  piece  which  is  connected  by  a  wire  with  one  pole  of  a  battery,  the 
other  pole  of  which  is  to  earth.  This  contact  piece  slides  over  the  edges  of 
a  series  of  contact  plates  insulated  from  each  other,  between  each  of  which 
a  special  resistance  is  interposed,  and  the  last  of  the  contact  plates  is  con- 
nected with  one  line  wire.  The  other  contact  piece  slides  over  a  second 
series  of  such  plates  connected  with  the  other  line  wire. 

Let  us  consider  one  contact  alone ;  as  it  moves  over  the  contact  plates  in 
one  direction  or  the  other,  it  brings  less  or  more  resistance  into  the  circuit, 
and  thereby  alters  the  strength  of  the  current.  The  eflfcct  of  this  is  that  the 
needle  of  the  corresponding  galvanometer  is  less  or  more  deflected.  Now  the 
end  of  this  needle  is  connected  by  a  light  thread  with  a  receiving  pen,  which 
is  a  capillary  tube  full  of  ink.  An  oscillation  of  the  needle  would  produce  an 
up  and  down  motion  of  the  pen,  and  if  simultaneously  a  band  of  paper  passed 
under  the  pen,  being  moved  regularly  by  clockwork,  there  would  be  produced 
on  it  a  series  of  up  and  down  strokes.  A  corresponding  effect  would  be  pro- 
duced by  the  action  of  the  needle  of  the  other  galvanometer,  except  that  its 
strokes  would  be  backwards  and  forwards  instead  of  up  and  down. 

Now  the  action  of  the  writing  pen  is  that  it  varies  simultaneously  the 
strengths  of  the  two  currents,  and  they  produce  a  motion  of  the  receiving 
pen  which  is  compounded  of  the  two  movements  described  above,  and 
which  is  an  exact  reproduction,  on  a  smaller  scale,  of  the  original  motion. 
The  following  line  is  a  facsimile. 


Both  the  paper  written  in  pencil  at  the  sending;  staticm  and  that  written 
in  ink  at  the  receiving  st«ition  move  along  as  the  writing  proceeds,  and  the 
messages  have  only  to  be  cut  off  from  time  to  time. 
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S91.  ^lAactiMi  te  iBlflgrBPk  caMes. — In  tbeeaxiiestaqxtinientsoothe 
ase  cf  Jmqlatrd  sobterraiiesm  vires  for  tdegiaf^iic  coomiimicatiQo  it  was 
fooDd  ibai  difficnhics  oocmred  in  thdr  use  which  were  not  expericnoed  with 
orerfaead  wires.  This  did  not  arise  firom  defecti\ie  insnlatioii,  for  the  better 
tiie  insinlarioc  the  greater  the  difficult)*.  It  was  suspected  by  Siemens  lad 
oChcTS  that  the  retardation  was  due  to  statical  induction,  taking  place  Ix- 
twneen  the  inner  wire  through  the  insulator  and  the  external  moisture  :  and 
Faraday  proved  that  this  was  the  case  by  the  following  experiments  amoo; 
others.  A  lex^th  of  about  100  nules  of  gutta-percha-=covefed  copper  wiie 
was  immersed  in  water,  the  ends  being  led  into  the  chamber  of  obsen-atioB. 
When  the  pc^  of  a  battery  containing  a  large  number  of  cells  wras  momeo- 
tarily  connected  mith  one  end  of  the  wire,  the  other  end  being  in<siilaygiH^  aod 
a  person  simultaneously  touched  the  wire  and  the  earth  contact,  he  obtained 
a  violent  shock. 

When  the  wire,  after  being  in  momentary  contact  with  the  battery,  was 
placed  in  connection  with  a  galvanometer,  a  considerable  deflection  was 
obser\-ed  ;  there  was  a  feebler  one  3  or  4  minutes  after,  and  even  as  long  as 
20  or  30  minutes  afterwards. 

When  the  insulated  galvanometer  was  permanently  connected  writh  ooe 
end  of  the  wire,  and  then  the  free  end  of  the  galvanometer  wire  joined  to  tbr 
pole  of  the  battery,  a  rush  of  electricity  through  the  galvanometer  into  the 
wire  was  perceived.  This  speedily  diminished  and  the  needle  ultimateir 
came  to  rest.  When  the  galvanometer  was  detached  from  the  batter)*  aad 
put  to  earth,  the  electricity  flowed  as  rapidly  out  of  the  wire,  and  the  needk 
was  momentarily  deflected  in  the  opposite  direction. 

These  phenomena  are  not  difficult  to  explain.  The  wire  with  its  this 
insulating  coating  of  gutta-percha  becomes  statically  charged  with  electridrf 
from  the  battery.  The  coating  of  gutta-percha  through  which  the  indoctite 
action  takes  place  is  only  ^^  of  an  inch  in  thickness,  and  the  extent  of  the 
coatings  is  very  great.  The  surface  of  the  copper  wire  amounts  to  t^yo 
square  feet,  and  that  of  the  outside  coating  is  four  times  as  much.  Tbe 
potential  can  only  be  as  great  as  that  of  the  batter>',  but  from  the  enormoes 
surface  the  capacity,  and  therefore  the  quantity,  is  very  great.  Thus  ^ 
wires,  after  being  detached  from  the  battery,  showed  all  the  aaions  of  * 
powerful  electric  battery.  These  effects  take  place,  but  to  a  less  extent  weh 
wires  in  air  ;  the  external  coating  is  here  the  earth,  which  is  so  distant  that 
induction  and  charge  are  ver>'  small. 

Hence  the  difficulty  in  submarine  telegraphy.  The  electricity  which 
enters  the  insulating  wire  must  first  be  used  in  charging  the  large  Le>tk« 
jar  which  it  constitutes,  and  only  after  this  has  happened  can  the  cumat 
reach  the  distant  end  of  the  circuit.  The  current  begins  later  at  the  dista* 
end,  and  ceases  sooner.  If  the  electrical  currents  follow*  too  raptdly*  J» 
uninterrupted  current  will  apj>ear  at  the  other  end,  which  indicates  sua* 
differences  in  strength,  but  not  with  sufficient  clearness  differences  in  dca- 
tion  or  direction.  Hence  in  submarine  wires  the  signals  must  be  $lo*«^ 
than  in  air  wires  to  obtain  clear  indications.  By  the  use  of  altemaoa; 
currents — that  is,  of  currents  which  are  alternately  positive  and  ncgatite- 
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hese  disturbing  influences  may  be  materially  lessened,  and  communication  be 
iccelerated  and  made  more  certain,  but  they  can  never  be  entirely  obviated. 
In  the  Atlantic  Cable,  instruments  on  the  principle  of  Thomson's  reflect- 
Dg  galvanometer  (822)  are  used  for  the  reception  of  signals  ;  the  motions  of 
be  spot  of  light  to  the  right  and  left  forming  the  basis  of  the  alphabet 

892.  07plMB  r«eorder. — Sir  W.  Thomson  has  invented  an  extremely 
ngenious  instrument  called  the  syphon  recorder^  by  which  the  very  feeble 
signals  transmitted  through  long  lengths  of  submarine  cables  are  observed 
tnd  also  recorded. 

Its  construction  is  somewhat  complicated,  but  the  essential  features  are 
ts  follows.  A  light  flat  coil  of  insulated  wire,  which  is  connected  with  the 
ine  wire,  is  suspended  by  a  bifllar  suspension  between  the 
wo  poles  of  a  powerful  horseshoe  magnet.  When  no  current 
Msses,  its  plane  is  in  the  right  line  joining  the  poles.  When  a 
mrent  is  passed,  this  coil,  becoming  thereby  a  magnet,  is  de- 
lected either  to  the  right  or  to  the  left,  according  to  the  direction 
if  the  current.  It  is,  in  short,  the  reverse  of  the  arrangement 
D  (882X  for  here  the  coil  is  movable  and  the  magnets  fixed  ; 
here  the  magnet  is  movable  and  the  coil  fixed. 

A  very  light  capillary  glass  tube,  shaped  as  represented  in  *^***  ^' 
ig.  809,  dips  with  its  short  end  in  a  reservoir  of  ink,  while  the  other  end  is 
D  front  of  a  paper  ribbon,  which  is  moved  along  at  a  uniform  rate,  like  a 
flbbon  in  a  Morse's  recorder.  When  this  ink  is  electrified,  it  spurts  out  in  a 
mtinuous  series  of  fine  drops  against  the  paper,  and  marks  on  it  a  straight 
ine  so  long  as  no  current  passes  in  the  coil.  This  syphon  is,  however,  con- 
lected  by  a  system  of  silk  threads  with  the  coil,  and  according  as  this  is 
leflected  cither  to  the  right  or  the  left,  the  end  of  the  syphon  is  deflected  too, 
dnd  accordingly  traces  a  wavy  line  on  the  paper  which  represents  deflections 
igfat  or  left  of  the  central  line,  that  are  in  short  the  Morse  signals. 

The  electrification  of  the  ink  is  eflected  by  a  small  electrostatic  induction 
nachine  ;  this  is  worked  by  clockwork,  which  at  the  same  time  pays  out  the 
laper  ribbon. 

893.  ^nplAs  telerraptaj. — By  this  is  meant  a  system  of  telegraphy  by 
iluch  messages  may  be  simultaneously  sent  in  opposite  directions  on  one  and 
he  same  wire,  whereby  the  working  capacity  of  a  line  is  practically  doubled. 

Several  plans  have  been  devised  for  accomplishing  this  very  important 
■qn'ovement  ;  no  more  can  here  be  attempted  than  to  give  a  general  account 
€  the  principle  of  the  method  in  one  case. 

Let  M,  fvg,  810,  represent  the  electromagnet  of  a  Morse's  instrument 
rhkh  is  wound  round  with  two  equal  coils  in  opposite  directions  ;  these  coils 
m  represented  by  the  full  and  dotted  lines,  and  one  of  them,  which  may  be 
aDed  the  line  coil^  is  joined  to  the  line  LL',  which  connects  the  two  stations. 
rhc  other  coil,  that  represented  by  the  dotted  line,  which  may  be  called  the 
ptaiing  coiiy  is  in  connection  with  the  earth  at  £  by  means  of  an  adjustable 
enstance,  or  artificial  line^  K.  By  this  means  the  resistance  of  the  branch 
[R£  may  be  made  equal  to  that  of  the  branch  a\AJa\  The  battery  b  has 
oe  pole  to  earth  at  £,  and  the  other  pole,  by  means  of  a  make-and-break 
ay,  r,  can  be  connected  at  a,  where  the  two  oppositely  wound  coils  bifurcate. 
rbe  back  contact  of  the  key  is  also  connected  with  earth. 
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The  statioa  at  B  is  arranged  in  a  siniilar  manner,  as  is  repfescBled  bf 
correspoDding  letters  with  affixes^ 

Nov  vhen  B  depresses  his  key  and  sends  a  current  into  the  line,  inasmack 
as  the  electromagnet  of  his  instrunent  is  vound  with  equal  coils  in  opposilc 
directions,  the  armature  is  not  attracted,for  the  core  is  not  magnetised  beoiae 
the  currents  in  the  two  coils  counteract  one  another.  Thus,  ahhoogh  a 
j^  ^  current  pisses 

«.         ^  /S\      j[  fro™  B»  ^5*"* 

^--ESa— r^^/j; i^j— ^HSK-^         isnoindicadoi 

of  it  in  his  on 
instrument— 1 
conditioo  es- 
sential in  aS 
systems  of  dt» 
plex  tele- 
graphy. 

But  vitk 
regard  to  tk 
effect  on  A, 
there  arc  rw 
cases  accorf- 
ing  as  he  is  er 
'^«-  ^'^  is  not  sendiiC 

a  message  at  the  same  time.  If  A's  key  is  not  down,  then  the  current  wJ 
circulate  round  the  core  of  the  electromagnet  and  will  reach  the  earth  by  the 
path  L  a  t-  E  ;  the  core  will  therefore  become  magnetised,  the  armanat 
attracted,  and  a  signal  produced  in  the  ordinary  way. 

If,  however,  at  the  moment  at  which  B  has  his  key  down,  A  also  depresses 
his,  then  it  will  be  seen  that,  as  currents  are  sent  in  opposite  directions  frotf 
both  .A  and  B,  they  neutralise  one  another,  no  current  passes  in  the  line 
iiLLV  :  it  is,  as  it  were,  blocked.  But  though  no  current  passes  in  the  liie 
coil,  a  current  does  pass  at  each  station  to  earth,  through  the  equating  col 
which  being  no  longer  counterbalanced  by  any  opposite  current  in  tbeln* 
coil,  magnetises  the  core  of  the  electromagnet,  which  thus  attracts  the  anBi- 
lure  and  produces  a  signal. 

We  have  here  supposed  that  .\  and  B  both  send,  for  instance,  the  sao* 
currents  to  line  :  the  final  effect  is  not  different  if  they  send  opposite  cuneatt 
ai  the  same  time.  For  then,  as  they  neutralise  each  other  in  the  line  LLi 
the  effect  is  the  same  as  if  the  resistance  of  the  line  were  diminished.  .M«« 
electricity  flows  at  line  from  each  station  through  the  line  coil  being  no  looje^ 
balanced  by  the  equating  coil ;  the  current  of  the  line  coil  preponderates  a» 
then  works  the  electromagnet.  ^ 

Hence,  in  both  these  cases,  each  station,  so  to  speak,  produces  the  sign* 
which  the  other  one  wishes  to  send. 

Other  methods  of  duplex  telegraphy  are  based  on  the  principle  « 
Wheaistone's  Bridge  (955),  and  on  the  principle  of  leakage  ;  but  for  these, 
as  well  iis  for  quadruplex  telegraphy,  special  manuals  must  be  consulted 

S94.  Bartb  omrrwata.— In  k)ng  telegraph  circuits  more  or  less  po«J^ 
currents  are  produced,  even  when  the  battery  is  not  at  work.    Thb  arises 


•8]  Tlu  Sounder,  845 

m  a  difference  of  potential  being  established  in  tl^e  earth  at  the  two  places 
tween  which  the  communication  is  established.  These  currents  are  some- 
les  in  one  direction  and  sometimes  in  another,  and  are  at  times  so  power- 
and  irregular  as  quite  to  interfere  with  the  working  of  the  lines.  Lines 
ining  N£  and  SW  are  most  frequently  affected  ;  lines  running  NW  and 
^  are  less  so,  and  the  currents  are  far  weaker.  Their  strength  often 
lounts  to  as  much  as  40  millamp^res,  which  is  a  stronger  current  than  is 
oessarily  required  for  working  telegraph  instruments. 

These  currents  do  not  seem  to  be  due  to  atmospheric  electricity,  for  they 
ise  if  a  wire  be  disconnected  at  one  of  its  ends,  and  they  appear  in  under- 
oiind  wires. 

According  to  Wild,  they  are  the  prime  cause  of  magnetic  storms,  but  not 
the  periodical  variations  in  the  magnetic  elements. 

895.  BaIb's  aUetrocbemlMa  telacrapli. — If  a  strip  of  paper  be  soaked 
a  solution  of  ferrocyanide  of  potassium  and  be  placed  on  a  metal  surface 
onected  with  the  negative  pole  of  a  battery,  on  touching  the  paper  with  a 
sel  pointer  connected  with  the  positive  pole,  a  blue  mark  due  to  the  forma- 
Q  of  some  Prussian  blue  will  be  formed  about  the  iron,  so  long  as  the  current 
tses.  The  first  telegraph  based  on  this  principle  was  invented  by  Bain. 
le  alphabet  is  the  same  as  Morse's,  but  the  despatch  is  first  composed  at 
t  departure  station  on  a  long  strip  of  ordinary  paper.  It  is  perforated 
ccessively  by  small  round  elongated  holes,  which  correspond  rcspec- 
•ely  to  the  dots  and  marks.  This  strip  of  paper  is  interposed  between  a 
lall  metal  wheel  and  a  metal  spring,  both  forming  part  of  the  circuit.  The 
leel,  in  turning,  carries  with  it  the  paper  strip,  all  parts  of  which  pass 
ccessively  between  the  wheel  and  the  plate.  If  the  strip  were  not  pcr- 
rated,  it  would,  not  being  a  conductor,  constantly  offer  a  resistance  to  the 
ssage  of  the  current  ;  but,  in  consequence  of  the  holes,  every  time  one  of 
rai  passes,  there  is  contact  between  the  wheel  and  the  plate.  Thus  the 
rrent  works  the  relay  of  the  station  to  which  it  is  sent,  and  traces  in  blue, 

,  a  paper  disc,  impregnated  with  ferrocyanide  of  potassium,  the  same  series 
points  and  marks  as  those  on  the  perforated  paper. 

896.  TlM  •onnder.— The  sound  produced  when  the  armature  of  the 
•ctromagnet  in  a  Morse's  instrument  is  attracted  by  the  passage  of  the 
rrent  is  so  distinct  and  clear  that  many  telegraph  operators  have  been 

the  habit  of  reading  the  messages  by  the  sounds  thus  produced,  and  at 
Mt  of  checking  their  reading  by  comparison  with  the  signs  produced  on  the 
iper. 

Based  on  this  fact  a  form  of  instrument  mvented  in  America  has  come 
to  use  for  the  purpose  of  reading  by  sound.  The  sounder^  as  it  is  called, 
essentially  a  small  electromagnet  on  an  ebonite  base,  resembling  the  relay 
^.  808.  The  armature  is  attached  to  one  end  of  a  lever,  and  is  kept  at 
certain  distance  from  the  electromagnet  by  a  spring.  When  the  current 
sses,  the  armature  is  attracted  against  the  electromagnet  with  a  sharp 
ck,  and  when  the  current  ceases  it  is  withdrawn  by  the  spring.  Hence 
e  interval  between  the  sounds  is  of  longer  or  shorter  duration  according 
the  will  of  the  sender,  and  thus  in  effect  a  series  of  short  and  long  sounds 
n  be  produced  which  correspond  to  the  dots  and  dashes  of  the  Morse 
phabet. 
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Such  instruments  are  simple,  easily  adjusted,  and  portable,  not  occnpjr- 
ing  more  space  than  an  ordinary  field-glass.  They  are  coming  into  eitonkd 
use,  especially  for  military  tel^raph  work. 

897.  Xtoetrle  alanun* — One  form  of  these  instruments  is  represented  in 
fig.  81 1.    On  a  wooden  board  arranged  vertically  is  foitA  an  electromagnet, 

£  ;  the  line  wire  is  connected  with  the  bind- 
ing screw,  m,  with  which  is  also  connected 
one  end  of  the  wire  of  the  electromagnet; 
the  other  end  is  connected  with  a  spring,  l 
to  which  is  attached  the  armature,  a  \  tlus 
again  is  pressed  against  by  a  spring,  C,  which 
in  turn  is  connected  with  the  binding  scrtv 
/r,  from  which  the  wire  leads  to  earth. 

Whenever  the  current  passes,  the  anna- 
ture  a  is  attracted,  carrying  with  it  a  hammer, 
P,  which  strikes  against  the  bell  T  and  makes 
it  sound.  The  moment  this  takes  place,  con- 
tact is  broken  between  the  armature  a  and 
the  spring  C,  and  the  current  being  stopped 
the  electromagnet  does  not  act ;  the  spno( 
<r,  however,  in  virtue  of  its  elasticity,  brinp 
the  armature  in  contact  with  the  spring  C, 
the  current  again  passes,  and  so  on  as  long 
as  the  current  continues  to  pass. 

898.  meotrieml  el^eks.  —  Electrical 
clocks  are  clockwork  machines,  in  which  at 
electromagnet  is  both  the  motor  and  the  regulator,  by  means  of  an  electric 
current  regularly  interrupted,  in  a  manner  resembling  that  described  in  the 
preceding  paragraph.  Fig.  812  represents  the  face  of  such  a  dock,  and  fig. 
813  the  mechanism  which  works  the  needles. 

An  electromagnet,  B,  attracts  an  armature  of  soft  iron,  P,  movable  00  a 
pivot,  a.  The  armature  P  transmits  its  oscillating  motion  to  a  lever,  j,  whick 
by  means  of  a  ratchet,  «,  turns  the  wheel  A.  This,  by  the  pinion,  D,  mna 
the  wheel  C,  which  by  a  series  of  wheels  and  pinions  moves  the  hands.  The 
small  one  marks  the  hours,  the  large  one  the  minutes ;  but  as  the  latter  does 
not  move  regularly,  but  by  sudden  starts  from  second  to  second,  it  fbflots 
that  it  may  also  be  used  to  indicate  the  seconds. 

It  is  obvious  that  the  regularity  of  the  motion  of  the  hands  depends  oi 
the  regularity  of  the  oscillations  of  the  piece  P.  For  this  purpose,  the  oscil- 
lations of  the  current,  before  passing  into  the  elearomagnet  B,  arc  regulated 
by  a  standard  clock,  which  itself  has  been  previously  regulated  by  a  seconds 
pendulum,  .^t  each  oscillation  of  the  pendulum  there  is  an  arrangement  br 
which  it  opens  and  closes  the  current,  and  thus  the  armature  P  beats  seconds 
exactly. 

To  illustrate  the  use  of  these  electrical  clocks,  suppose  that  on  the  rail«v 
from  London  to  Birmingham  each  station  has  an  electric  clock,  and  daJ 
from  the  London  station  a  conducting  wire  passes  to  all  the  clocks  00  tbe 
line  as  far  as  Birmingham.  When  the  current  passes  in  this  wire  all  tbe 
clocks  will  simultaneously  indicate  the  same  hour,  the  same  minute,  and  tbe 
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VeotrosnAciaetle  macbin^s* — ^Numcrous  attempts  have  been  made 

1#  ^pplf  clectromagnctism  as  a  motive  power  in  machinery.  Fi^j.  $14  repre- 
sents an  engine  of  this  kind  constructed  by  Froment.  It  consists  of  four 
powerful  electromagnets,  ABCD,  fixed  on  an  iron  frame,  X,  lietween  these 
electromagnets  is  a  system  of  two  iron  wheels  movable  on  the  same  hori- 
tcntal  axis,  with  eight  soft  iron  armatures,  M,  on  ibeir  circumference. 

The  current  arrives  at  K,  ascends  in  the  wire  E,  and  reaches  a  metallic 
vc,  O,  which  serves  to  pass  the  current  successively  into  each  electromagnet, 
io  that  the  attractions  exerted  on  the  armatures  M  shall  always  be  in  the 
■mitt  direction.  Now  this  can  only  be  the  case  provided  the  current  is 
tioltcn  in  each  electromagnet  just  when  an  armature  comes  in  front  of  the 
locif  of  the  bobbin.  To  produce  this  interruption  the  arc  O  has  three  branches 
r,  each  terminating  with  a  steel  spring,  to  which  a  small  sheave  is  attached. 
TWo  of  these  establish  the  communication  respectively  with  one  electro- 
wpgnrr  ju>d  the  third  with  two.  On  a  central  wheel,  <a  there  are  cogs^  on 
^ikidl  the  sheaves  alternately  rest.  Whenever  one  of  them  rests  on  a  cog, 
the  current  passes  into  the  corresponding  electromagnet,  but  ceases  to  pass 
when  there  is  no  longer  contact.  On  emerging  from  the  electromagnets  the 
carrem  passes  to  the  negative  pole  of  the  battery  by  the  wire  H. 

Jn  this  manner,  the  armatures  M  being  successively  attracted  by  the  four 

leis,  the  system  of  wheels  which  carries  them  assumes  a  rapid  rota- 

tioo,  which  by  the  wheel  P  and  aji  endless  band  is  transmitted  to  a 

Q,  which  sends  it  finally  to  any  machine^  a  grinding-mill  for  example. 

In  hit  workshops  Froment  had  an  electromotive  engine  of  one-horse 
|M>iPer*  Buit^  though  an  interesting  application  of  the  transformation  of 
•mrgy,  there  is  no  eacpectation  that  these  machines  will  ever  be  practically 
ippHed  in  manufactures,  for  the  expense  of  the  acids  and  the  rinc  which 
very  far  exceeds  that  of  the  coal  in  steam-engines  of  the  same  force. 
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Thus  a  machine  devised  by  KravogI  producer  about  1 7  per  ccoi.  of  the 
useful  effect  due  to  the  chemical  combination  of  the  zinc  with  the  add  in  the 
battery,  and  therefore  in  utilising  this  force  they  arc  about  equal  to  " 
steam-englnes.     But  a  pound  of  coal  yields  7,200  thermal  units,  anJ 
of  zinc  only  1,200  (484)  ;  and  as  zinc  is  ten  times  as  dear  as  coal,  en^iac* 
worked  by  electricity,  independently  of  any  question  as  to  the  cost  of  cm 


Fig.  8n_ 

struction,  or  of  the  cost  of  the  acids,  are  sixty  tjmci  as  dear  to  irart  '* 
steam-engines. 

The  energy  of  the  electrical  current  ma\'  be  compared  with  ihc"?^  ^^ 
of  a  small  mass  which  moves  with  very  great  velocli'^-  Hnui  i;  asj  ^ 
understood  that  at  present  the  most  advantageous  mv 

b  to  be  found,  not  so  much  in  the  transformation  oi   .,^   ...   . ,,.. 

relatively  slow  movement  of  large  masses,  as  in  the  rapid  traiisiussiatt  * 
a  small  power  to  great  distances,  ;is  in  the  electric  telegraph. 


Induction  by  Currents, 
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CHAPTER  VI. 

VOLTAIC  INDUCTION. 


o.  ladoettmi  by  enrrents. — We  have  already  seen  (744)  that  by 
tion  is  meant  the  action  which  electrified  bodies  exert  at  a  distance 
3dies  in  the  natural  state.  Hitherto  we  have  only  had  to  deal  with 
-Qstatical  induction ;  we  shall  now  see  that  dynamical  electricity  pro- 
( analogous  effects. 

araday  discovered  this  class  of  phenomena  in  1832,  and  he  gave  the 
of  currents  0/ induction  or  induced  currents  to  instantaneous  currents 
oped  in  metallic  conductors  under  the  influence  of  metallic  conductors 
rsed  by  electric  currents,  or  by  the  influence  of  powerful  magnets,  or 
by  the  magnetic  action  of  the  earth  ;  and  the  currents  which  give  rise 
tm  he  called  inducing  currents, 

he  inductive  action  of  a  current  at  the  moment  of  opening  or  closmg 
be  shown  by  means  of  a  bobbin  with  two  wires.   This  consists  (fig.  815) 


Fig.  815- 

c>'linder  of  wood  or  of  cardboard,  on  which  a  quantity  of  silk-covered 
16  copper  wire  is  coiled  ;  on  this  is  coiled  a  considerably  greater  length 
>c  copper  wire,  about  No.  35,  also  insulated  by  being  covered  with  silk. 
latter  coil,  which  is  called  the  secondary  coii^  is  connected  by  its  ends 
two  binding  screws,  a,  ^,  from  which  wires  pass  to  a  galvanometer, 
r  the  thicker  wire,  the  primary  coii^  is  connected  by  its  extremities  with 
>inding  screws,  c  and  d.  One  of  these,  d,  being  connected  with  one  pole 
lattery,  when  a  wire  from  the  other  pole  is  connected  with  r,  the  current 
s  in  the  primary  coil,  «ind  in  this  alone.  The  following  phenomena  are 
observed  :— 

31 
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L  At  the  moment  at  which  the  thick  wire  is  traversed  by  the  cnmnt 
the  galvanometer,  by  the  deflection  of  the  needle,  indicates  the  existence  n 
the  secondary  coil  of  a  cnrrent  inverse  to  that  in  the  primary  coil,  that  is^ 
in  the  contrary  direction  ;  this  is  only  instantaneous,  for  the  needle  imme- 
diately reverts  to  zero,  and  remains  so  as  long  as  the  inducing  current  passes 
through  cd, 

ii.  At  the  moment  at  which  the  current  is  opened — that  is,  when  the  vire 
cd  ceases  to  be  traversed  by  a  current — there  is  again  produced  in  the  liie 
cdf  an  induced  current  instantaneous  like  the  first,  but  direct^  that  is,  in  the 
same  direction  as  the  inducing  current. 

901.  yrodvetlon  of  latfsced  CMgeate  1^  eoatiaa««s  o»m. — Induced 
currents  are  also  produced  when  a  primary  coil  traversed  by  a  current  is 
approached  to  or  removed  from  a  secondary  one ;  this  may  be  shown  by  tlie 
following  apparatus  (fig.  816),  in  which  B  is  a  hollow  coil  consisting  di 


Fig.  816. 

great  length  of  fine  wire,  and  A  a  coil  consisting  of  a  shorter  and  thick* 
wire,  and  of  such  dimensions  that  it  can  be  placed  in  the  secondar)  c«i 
The  coil  A  being  traversed  by  a  current,  if  it  is  suddenly  placed  in  the  ctil 
B,  a  galvanometer  connected  with  the  latter  indicates  by  the  direction  of  ^ 
deflection  the  existence  in  it  of  an  inverse  current ;  this  is  only  insiantaneofl*- 
the  needle  rapidly  returns  to  zero,  and  remans  so  as  long  as  the  sfflrf 
bobbin  is  in  the  large  one.  If  it  is  rapidly  withdrawn,  the  galvanooK*' 
shows  that  the  wire  is  traversed  by  a  direct  current.  If,  instead  of  rapi^ 
introducing^  or  replacing  the  primar>'  coil,  this  is  done  slowly,  the  galra*^ 
meter  only  indicates  a  weak  current,  and  which  is  the  feebler  the  slo«tr  ^ 
motion. 

If,  instead  of  vao'ing  the  distance  of  the  inducing  current,  its  intcn-'P 
be  varied,  that  is,  cither  increased  by  bringing  additional  batter>-  power  ;'•- 
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drcuit,  or  diminished  by  increasing  the  resistance,  an  induced  current 
'odaced  in  the  secondaiy  wire,  which  is  inverse  if  the  intensity  of  the 
cing  current  increases,  and  direct  if  it  diminishes. 

02.  CoBdltloBs  Of  iadnetton.  Aenrn's  law.— From  the  experimcints 
%  have  been  described  in  the  previous  paragraphs  the  following  prin- 
ts may  be  deduced  : — 

•  The  distance  remaining  the  same,  a  continuous  and  constcmt  current 
not  induce  any  current  in  an  adjacent  conductor. 

I.  A  current^  at  the  moment  of  being  closed^  produces  in  an  €uijacent  Con- 
or an  inverse  current. 

II.  A  current^  at  the  moment  it  ceases^  produces  a  direct  current, 

V.  A  current  which  is  removed^  or  whose  strength  diminishes^  gives 
to  a  direct  induced  current, 

h  A  current  which  is  approached^  or  whose  strength  increases^  gives  rise 
n  inverse  induced  current. 

J\.  On  the  induction  produced  between  a  closed  circuit  and  a  current  in 
rity,  when  their  relative  distance  varies,  Lenz  has  based  the  following 
which  is  known  as  Lenses  law  : — 

If  the  relative  position  of  two  conductors  A  and  B  be  changed^  of  which 
t  traversed  by  a  current ^  a  current  is  induced  in  B  in  such  a  direction 
\  by  its  electrodynamic  action  on  the  current  in  A^  it  would  have  imparted 
he  conductors  a  motion  of  the  contrary  kind  to  that  by  which  the  inducing 
wf  wcu  produced, 

rhus,  for  instance,  in  V.,  when  a  current  is  approached  to  a  conductor,  an 
trsc  current  is  produced  ;  but  two  conductors  traversed  by  currents  in 
osite  directions  repel  one  another,  according  to  the  received  laws  of 
trodynamics  (858).  Conversely  when  a  current  is  moved  away  from  a 
ductor,  a  current  of  the  same  direction  is  produced  ;  now  two  currents  in 
same  direction  attract  one  another. 

On  bringing  the  inducing  wire  near  the  induced  as  well  as  in  temoving  it 
ty,  work  is  required ;  hence  a  quantity  of  heat  proportional  to  the  work 
somed  must  result,  as  Edlund's  investigations  have  shown.  On  the 
er  hand,  when  induction  results  from  the  opening  and  closing  of  the  cir- 
t(II.  and  III.)  no  work  is  lost,  but  the  inducing  current  loses  as  much 
it  as  is  produced  in  the  induced  circuit 

903.  ladnetlTa  aetloii  of  tbe  &«7d«n  diseluuve. — Figure  8 1 7  represents 
apparatus  devised  by  Matteucci,  which  is  very  well  adapted  for  showing 
development  of  induced  currents  produced  either  by  the  discharge  of  a 
fden  jar  or  by  the  passage  of  a  voltaic  current 

It  consists  of  two  glass  plates  about  12  inches  in  diameter,  fixed  vertically 
the  two  supports  A  and  B.  These  supports  are  on  movable  feet,  and 
I  either  be  approached  or  removed  at  will.  On  the  anterior  face  of  the 
te  A  arc  coiled  about  30  yards  of  copper  wire  C,  a  millimetre  in  diameter, 
e  two  ends  of  this  wire  pass  through  the  plate,  one  in  the  centre,  the  other 
IT  the  tdgt^  terminating  in  two  binding  screws,  like  those  represented  in 
lod  ny  on  the  plate  B.  To  these  binding  screws  are  attached  two  copper 
ts,  c  and  </,  through  which  the  inducing  current  is  passed. 
On  the  face  of  the  plate  B,  which  is  towards  A,  is  enrolled  a  spiral  of 
cr  copper  wire  than  the  wire  C.     Its  extremities  terminate  in  the  binding 
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screws  m  and  if,  on  which  are  fixed  two  vrires,  h  and  ij  intended  to  I 
the  induced  current  The  two  wires  on  the  plates  are  not  <Mily  covered  wek 
silk,  but  each  circuit  is  insulated  from  the  next  one  by  a  thick  layer  of  shdhc 
varnish. 

In  order  to  show  the  production  of  the  induced  current  by  the 
of  a  Leyden  jar,  one  end  of  the  wire  C  is  connected  with  the  cater  i 
and  the  other  end  with  the  knob  of  the  Leyden  jar,  as  shown  in  the  f^at 
When  the  spark  passes,  the  electricity  traversing  the  wire  C  acts  bf  indK* 
tion  on  the  wire  on  the  plate  B,  and  produces  an  instantaneous  canal 
in  this  wire.  A  person  holding  two  copper  handles  connected  witb  tk 
wires  /  and  h  receives  a  shock,  the  intensity  of  which  is  greater  i^  pro- 
portion as  the  plates  A  and  B  are  nearer. 


Fig.  817. 

The  experiment  may  also  be  made  by  simply  twisting  toj^cther  i*" 
lengths  of  a  few  feet  of  gutta-purcha-covered  copper  wire.  The  ends  of  i<* 
length  being  held  in  the  hand,  an  electric  discharge  is  passed  throUi;^  ^ 
other  length. 

The  above  apparatus  can  also  be  used  to  show  the  production  of  indocN 
currents  by  the  influence  of  voltaic  currents.  For  this  purpose  the  cun*** 
of  a  battery  is  passed  through  the  inducing  wire  C,  while  the  ends  d  * 
other  wire,  //  and  /,  are  connected  with  a  galvanometer.  At  the  momeflt  < 
which  the  current  commences  or  finishes,  or  when  the  distance  of  the  t* 
conductors  is  varied,  the  same  phenomena  are  observed  as  in  the  case  of* 
apparatus  represented  in  fig.  816. 

904.  Zndiiotlon  by  marn^ts. — It  has  been  seen  that  the  influence  of* 
current  magnetises  a  steel  bar  ;  in  like  manner  a  magnet  can  produce  tsdoct^ 
currents  in  metal  circuits.  Faraday  showed  this  by  means  of  a  coil  inih  i 
single  wire  of  200  to  300  yards  in  length.  The  two  ends  of  the  wire  bfl< 
connected  with  a  galvanometer,  as  shown  in  fig.  818,  a  strongly  magnets^ 
bar  is  suddenly  inserted  in  the  bobbin,  and  the  following  phenomena  ^' 
observed  : — 

i.  At  the  moment  at  which  the  magnet  is  introduced,  the  gali-anoof^ 
indicates  in  the  wire  the  existence  of  a  current,  the  direction  of  which  - 
opposed  to  that  which  circulates  round  the  magnet,  considering  the  Une:  ^ 
a  solenoid  on  Ampere's  theory  (879). 
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n.  When  ihe  magnet  is  withdrawn*  the  needle  of  the  galvanometer,  which 

E  returned  to  zero,  indicates  the  existence  of  a  direct  current. 

The  inductive  action  of  magnets  may  also  be  illustrated  by  the  follow- 
Ig  experiment  :  a  bar  of  soft  iron  is  placed  in  the  above  bobbin  and  a  strong 
feagnei  suddenly  brought  in  contact  with  it  ;  the  needle  of  the  galvanometer 
deflected,  but  returns  to  zero  when  the  magnet  is  stationary,  and  is  de*| 
iKled  in  the  opposite  direction  when  it  is  removed.  The  induction  is  here 
Iroduced  by  the  magnetisation  of  the  soft  iron  bar  in  the  interior  of  the 
K>bbin  under  the  influence  of  the  magnet. 

The  same  inductive  effects  are  produced  in  the  wires  of  an  electromagnet,^ 
t  A  strong  magnet  be  made  to  rotate  rapidly  in  front  of  the  extremities  of* 
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in  fuch  a  manner  that  its  poles  act  successively  by  influence  on  the 
^  bruichei  of  the  electromagnet ;  or  also  by  forming  two  coils  round  a 
magnet,  and  passing  a  plate  of  soft  iron  rapidly  in  front  of  the  J 
of  the  magnet  ;  the  soft  irtm  becoming  magnetic  reacts  by  influence  on  J 
II  magnet*  and  induced  currents  are  produced  in  the  wire  alternately  illl 
ifl^rent  *'":         ■    -, 
The  i  iction  of  magnets  is  a  conflrmation  of  Amp^re*s  tlicory 

aM^pi^ib.tn.     h  or  a*^  on  this  theory^  magnets  are  solenoids,  all  the  ex- 
lOMIIli  which  have  been  mentioned  may  be  e?t plained  by  th<«  rnrfuctive 
Cliofi  of  vhich  tf averse  the  surface  of  magnets  ;  tlu  n  of 

lets  I  !t,an  induction  of  currents.     And  it  is  a  n  '  rcise 

how  on  this  view  the  inductive  action  of  magnets  falls  under  Lenx'S 
^(902). 
905.  lAtf«eltT#  iMtloii  af  intttfi«ts  i»o  ^odle»  I0  tiiiKtdii.—  Arago  was 
|lr%l  to  observe^  in  1834,  thai  the  number  of  oscillations  which  a  mag* 
Ited  needle  makes  in  a  given  lime,  ur^der  the  influence  of  the  eiijth*tj 
thm^  is  very  much  lessened  by  the  proHimJiy  of  certain  metalli^J 
and  especially  of  copper,  which  may  reduce  the  number  in  ai  gWe 
frtmi  yfo  to  4.    This  observation  led  Arago  in  1825  to  the  disc^er^  1 
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an  equally  unexpected  fact— that  of  the  rotative 
copper  in  motion  exercises  on  a  magnet. 

This  phenomenon  may  be  shown  by  means  of  die 
in  fig.  819.  It  consists  of  a  copper  disc,  M,  morahie  mbocs  a  ^iTsikal  an. 
On  this  axis  is  a  sheave,  B,  round  whidi  is  ccnled  aa  cndic«  core.  piOTy 
also  round  the  sheave  A.  By  turning  this  with  the  hasd,  tte  <&c  M  aaj 
be  rotated  with  great  rapidit)'.    Above  the  disc  is  a  gSass  piaae,  oc  viidB 


Fifr8i9. 
a  small  pivot  supporting  a  magnetic  needle,  ab.  If  the  disc  be  now  rocaied 
with  a  slow  and  uniform  velocity,  the  needle  is  deflected  in  the  direaioo  oC 
the  motion,  and  stops  at  an  angle  of  from  20®  to  30"  with  the  direction  of  the 
magnetic  meridian,  according  to  the  velocity  of  the  rotaiion  of  the  o«i 
But  if  this  velocity  increases,  the  needle  is  ultimately  dedected  more  ilun 
90^  ;  it  is  then  carried  along,  describes  an  entire  revolution,  and  foUows  the 
motion  of  the  disc  until  this  stops. 

Babbage  and  Herschel  modified  Arago's  experiment  by  causing  a  bofS» 
shoe  magnet  placed  vertically  to  rotate  below  a  copper  disc  suspended  « 
silk  threads  without  torsion  ;  the  disc  rotated  in  the  same  direction  as  the 
magnets.  The  effect  decreases  with  the  distance  of  the  disc,  and  varies 
with  its  nature.  The  maximum  effect  is  produced  with  metals  :  with  wood, 
glass,  water,  &c.  it  disappears.  Babbage  and  Herschel  found  that,  repiescst- 
ing  this  action  on  copper  at  100,  the  action  on  other  metals  is  as  foUo«: 
zinc  95,  tin  46,  lead  25,  antimony  9,  bismuth  2.  Lastly,  the  effect  isenfieebkd 
if  there  are  non-conducting  breaks  in  the  disc,  especially  in  the  direaioo  rf 
the  radii ;  but  it  is  the  same  if  these  breaks  are  soldered  with  any  metal 

Faraday  made  an  experiment  the  reverse  of  Arago's  first  obsenratiaB ; 
since  the  presence  of  a  metal  at  rest  stops  the  oscillations  of  a  magnetic 
needle,  the  neighbourhood  of  a  magnet  at  rest  ought  to  slop  the  mocioo  01 1 
rotating  mass  of  metal  Faraday  suspended  a  cube  of  copper  to  a  twistec 
thread,  which  was  placed  between  the  poles  of  a  powerful  electromapet 
When  the  thread  was  left  to  itself,  it  began  to  spin  round  with  great  velodD. 
but  stopped  the  moment  a  powerful  current  passed  through  the  e^ectroma^- 

Faraday  was  the  first  to  give  an  explanation  of  all  these  phenomena  c< 
magnetism  by  rotation.     They  depend  on  the  circumstances  that  a  magnr. 
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r  a  solenoid  can  induce  currents  in  a  solid  mass  of  metal.  In  the  above  case 
le  magnet  induces  currents  in  the  disc  when  the  latter  is  rotated  ;  and  con- 
ersely  when  the  magnet  is  rotated  while  the  disc  is  primarily  at  rest.  Now 
lese  induced  currents,  by  their  electrodynamic  action,  tend  to  destroy  the 
lotion  which  gave  rise  to  them  ;  they  are  simple  illustrations  of  Lenz's  law  ; 
ley  act  in  the  same  way  as  friction  would  do. 

L  For  instance,  let  AB  (fig.  820)  be  a  needle  oscillating  over  a  copper 
isc,  and  suppose  that  in  one  of  its  oscillations  it  goes  in  the  direction  of  the 
rrows  from  N  to  M.  In  approaching  the  point  M,  for 
istance,  it  develops  there  a  current  in  the  opposite 
irection,  and  which  therefore  repels  it ;  in  moving  away 
Dm  N  it  produces  currents  which  are  of  the  same  kind, 
ad  which  therefore  attract,  and  both  these  actions 
yacnx  in  bringing  it  to  rest. 

iL  Suppose  the  metallic  mass  ttmis  from  N  towards 
[,  and  that  the  magnet  is  fixed  ;  the  magnet  will  repel 
f  induction  points  such  as  N  which  are  approaching  A, 
nd  will  attract  M  which  is  moving  isiway  ;  hence  the  motion  of  the  metal 
x>ps,  as  in  Faraday's  experiment. 

iii.  If  in  Arago's  experiment  the  disc  is  moving  from  N  to  M,  N  ap- 
roaches  A  and  repels  it,  while  M,  moving  away,  attracts  it ;  hence  the  needle 
loves  in  the  same  direction  as  the  disc. 

If  this  explanation  is  true,  all  circumstances  which  favour  induction  will 
icrease  the  dynamic  action  ;  and  those  which  diminish  the  former  will 
Iso  lessen  the  latter.  We  know  that  induction  is  greater  in  good  conductors, 
ad  that  it  does  not  take  place  in  insulating  substances ;  but  we  have  seen 
bat  the  needle  is  moved  with  a  force  which  is  less,  the  less  the  conducting 
ewer  of  the  disc,  and  it  is  not  moved  when  the  disc  is  of  glass.  Dove  found 
bat  there  is  no  induction  on  a  tube  split  lengthwise  in  which  a  coil  is 
itroduced. 

In  order  to  bring  the  oscillations  of  the  needle  of  a  galvanometer  more 
sickly  to  rest,  the  wire  is  coiled  upon  a  copper  frame.  Such  an  arrange- 
lent  is  called  a  damper^  and  in  practice  it  is  frequently  used. 

The  strength  of  the  induction  currents  is  proportional  to  their  relative 
elocities,  and  therefore  the  amplitudes  of  the  vibration  diminish  according 
\  the  law  of  a  geometrical  series.  The  greater  the  masses  of  metal  and 
le  more  closely  they  surround  the  magnet,  the  stronger  is  the  damping ;  it 
approximately  according  to  the  inverse  square  of  the  distance. 

906.  ladmotioB  by  tlie  aotion  ef  tlie  eartli. — Faraday  discovered  that 
mstrial  magnetism  can  develop  induced  currents  in  metallic  bodies  in 
otion,  acting  like  a  powerful  magnet  placed  in  the  interior  of  the  earth  in 
«  direction  of  the  dipping  needle,  or,  according  to  the  theory  of  Ampere, 
ce  a  series  of  electrical  currents  directed  from  east  to  west  parallel  to  the 
agnetic  equator.  He  first  proved  this  by  placing  a  long  helix  of  copper 
ire  covered  with  silk  (such  as  A,  fig.  816)  in  the  plane  of  the  magnetic 
eridian  parallel  to  the  dipping  needle  ;  by  turning  this  helix  180^  about  an 
is  perpendicular  to  its  length  in  its  middle,  he  observed  that  at  each  torn 
^vanometer  connected  with  the  two  ends  of  the  helix  was  deflected.  The 
paratus  depicted  in  fig.  821,  and  known  as  Delezenn^ s  circle^  serves  for 
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showing  the  currents  produced  by  the  inductive  action  of  the  eartL  Ii 
consists  of  a  wooden  ring,  RS,  about  two  feet  in  diameter,  fixed  to  an  axis. 
oa^  about  which  it  can  be  turned  by  means  of  a  handle,  M.  The  axis  m  is 
itself  fixed  in  a  frame  PQ,  movable  about  a  horizontal  axis.  By  potnteis 
fixed  to  these  two  axes  the  inclination  towards  the  horizon  of  the  firame  P<], 
and  therefore  of  the  axis  oay  is  indicated  on  a  dial,  by  while  a  second  diaL  i, 
gives  the  angular  displacement  of  the  ring.  This  ring  has  a  groove  in  whick 
is  coiled  a  great  length  of  insulated  copper  wire.  The  two  ends  of  the  wiie 
terminate  in  a  commutator  analogous  to  that  in  Clarke's  apparatus  (912,  ik 
object  of  which  is  to  pass  the  current  always  in  the  same  sense,  although  in 
direction,  SR,  changes  at  each  half-turn  of  the  ring.  On  each  of  the  rings 
of  the  commutator  are  two  brass  plates,  which  transmit  the  current  to  two 
wires  in   contact  with  the  galvanometer.     Suppose  that  the   ends  of  the 
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wire  on  the  coil  are  directly  connected  with  wires  leading  to  a  ^ahan^reH' 
at  some  distance,  and  the  apparatus  so  placed  that  its  axis  of  rot.ii.on  f 
is  at  right  angles  to  the  magnetic  meridian,  and  the  plane  of  tlie  r:n,c.  Kn 
at  right  angles  to  the  line  of  dip.  If,  now,  the  frame  be  quickly  turned 
through  180°,  the  needle  will  be  momentarily  deflected,  to  the  rijjht  ••^' 
instance  ;  if,  while  the  needle  on  its  return  is  just  passing  its  }>o>iiion  ^ 
rest,  the  frame  is  rapidly  turned  to  its  original  position,  it  w  ill  l>e  dedcc:«^ 
to  the  left  to  a  greater  angle  than  at  first,  for  the  needle  is  already  in  motiofl  • 
by  repeating  the  operation,  that  is,  reversing  the  swing  when  the  needle  * 
passing  its  position  of  rest,  the  deflections  will  increase  to  a  maximum.  whKb 
is  a  measure  of  the  earth's  magnetism.  This  method  of  amplif>-ini;  aa 
originally  small  motion  is  known  as  the  method  of  multiplication. 

If  the  axis  of  rotation,  oa,  is  vertical  and  the  ring  is  rotated  as  abo»t 
described,  only  the  horizontal  component  of  the  earth's  magnetism  can  act. 
and  the  angular  deflection  is  then  a  measure  of  the  horizontal  comp»»neni  H. 
Similarly,  if  the  axis  is  horizontal  and  in  the  plane  of  the  magnetir  meriilia^ 
and  if  the  rotation  is  made  through  180°  from  the  horizontal  position. ««!»" 
the  vertical  component  \*  acts,  and  is  thus  measured  by  the  deflection. 


I     Induction  of  a  Current  on  itself.    Extra  Current.        857 
snce,  from  two  such  sets  of  observations  we  may  detennine  the  inclina- 

1  any  place,  for  tan  /-     . 
.  rl 

I  experiment  with  the  currents  produced  by  continuous  rotation  the 

are  connected  with  the  commutator. 

r.  Iiid«ettoa  of  »  owrent  on  itsolf.    SsUrn  ovrreiit. — If  a  closed 

traversed  by  a  voltaic  current  be  opened,  a  scarcely  perceptible  spark 

ained  if  the  wire  joining  the  two  poles  be  short    Further,  if  the  ob* 

himself  form  part  of  the  circuit  by  holding  a  pole  in  each  hand,  no 

is  perceived  unless  the  current  is  very  strong.     If,  on  the  contrary9 

re  is  long,  and  especially  if  it  makes  a  great  number  of  turns  so  as  to 

I  bobbin  with  very  close  folds,  the  spark,  which  is  inappreciable  when 

rrent  is  dosed,  acquires  a  great  intensity  when  it  is  opened,  and  an 

'er  in  the  circuit  receives  a  shock  which  is  the  stronger  the  greater  the 

•X  of  turns. 

raday  referred  this  strengthening  of  the  current  when  it  is  broken  to 

.uctive  action  which  the  current  in  each  coil  exerts  upon  the  adjacent 

an  action  in  virtue  of  which  there  is  produced  in  the  bobbin  a  direct 

id  current— that  is,  one  in  the  same  direction  as  the  principal  one. 

s  known  as  the  extra  current. 

show  the  existence  of  this  current,  at  the  moment  of  opening,  Fara- 


Fig.  8aa. 

ranged  the  experiment  as  seen  in  fig.  822.  Two  wires  from  the  poles 
of  a  battery  are  connected  with  two  binding  screws,  D  and  F,  with 
are  also  connected  the  two  ends  of  a  bobbin,  B,  with  a  long  fine  wire 
offers  therefore  a  great  resistance .  On  the  path  of  the  wires  at  the 
A  and  C  are  two  other  wires,  which  are  connected  with  a  galvano- 
G.  Hence  the  current  from  the  pole  E  branches  at  A  into  two  cur- 
Doe  which  traverses  the  galvanometer,  the  other  the  bobbin,  and  both 
:  the  negative  pole  E'. 

5  needle  of  the  galvanometer  being  then  deflected  from  G  to  a'  by  the 
t  which  goes  from  A  to  C,  it  is  brought  back  to  zero,  and  kept  there  by 
tade  which  prevents  it  from  turning  in  the  direction  Ga',  but  leaves  it 
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firee  in  the  opposite  direction.  On  breaking  contact  at  £,  it  is  seen  that  the 
moment  the  circuit  is  open  the  needle  is  deflected  in  the  direction  G«; 
showing  a  current  contrary  to  that  which  passed  during  the  existence  of  the 
current — that  is,  showing  the  ciurrent  from  C  to  A.  But  the  battery  current 
having  ceased,  the  only  remaining  one  is  the  current  AFBCDA ;  and  since  in 
the  part  CA  the  current  goes  from  C  to  A,  it  must  traverse  the  entire  drcoit 
in  the  direction  AFBDC — that  is,  the  same  as  the  principal  current  This 
current,  which  thus  appears  when  the  circuit  is  opened,  is  the  extra  currmt^ 
or  curreni  of  self-inductunu 

90S.  Xitim  cvrrMit  ob  opealiic  And  on  olostsff. — The  coils  of  the  spiial 
act  inducti\*ely  on  each  other,  not  merely  on  opening  but  also  on  dosing 
the  current  Hence,  in  accordance  with  the  general  law  of  induction,  each 
spiral  acting  on  each  succeeding  one  induces  a  current  in  the  opposite 
direction  to  its  own — that  is,  an  inverse  current :  this,  which  is  the  extn 
currffU  on  closings  or  the  inverse  extra  current^  being  of  contrary  directioo 
to  the  principal  one,  diminishes  its  intensity  and  lessens  or  suppresses  the 
spark  on  closing. 

When,  howe\'er,  the  current  is  opened,  each  turn  then  acts  indnctiTtly 
on  each  succeeding  one,  producing  a  current  in  the  same  direction  as  its  ovOi 
and  which  therefore  greatly  heightens  the  intensity  of  the  principal  cunenL 
This  is  the  extra  current  on  opening,  or  direct  extra  current. 

To  obser\e  the  direct  extra  ciurent,  the  conductor  on  which  its  eflfect  is 
to  be  traced  may  be  introduced  into  the  circuit,  by  being  connected  in  any 
suitable  manner  with  the  binding  screws  A  and  C  in  the  place  of  the  galvano- 
meter. It  can  thus  be  shou-n  that  the  direct  extra  current  gives  violent 
shocks  and  bright  sparks,  decomposes  water,  melts  platinum  wires,  and 
magnetises  steel  needles.  The  shock  produced  by  the  oirrent  may  be 
tried  by  attaching  the  ends  of  the  wire  to  two  files,  which  are  held  m  the 
hands.  On  moving  the  point  of  one  file  over  the  teeth  of  the  other,  a  series 
of  shocks  is  obtained,  due  to  the  alternate  opening  and  closing  of  the  corresL 

The  above  effects  acquire  greater  intensity  when  a  bar  of  soft  iron  is 
introduced  into  the  bobbin,  or,  what  is  the  same  thing,  when  the  current  is 
passed  through  the  bobbin  of  an  electromagnet;  and  still  more*is  this  the 
case  if  the  core,  instead  of  being  massive,  consists  of  a  bundle  of  straight 
wires.  Faraday  explained  this  strengthening  action  of  soft  iron  as  follows: 
If  inside  the  spiral  there  is  an  iron  bar,  on  opening  the  circuit  when  the 
principal  current  disappears,  the  magnetism  which  it  evokes  in  the  hir 
disappears  too  ;  but  the  disappearance  of  this  magnetism  acts  like  the  dis- 
appearance of  the  electrical  current,  and  the  disappearing  magnetism  in- 
duces a  current  in  the  same  direction  as  the  disappearing  principal  cunenL 
the  effect  of  which  is  thus  heightened. 

In  the  experiments  just  described  the  effects  of  the  two  extra  currents 
accompany  those  of  the  principal  current  Edlund  has  devised  an  in- 
genious arrangement  of  apparatus  by  which  the  action  of  the  principal  cffl^ 
rent  on  the  measuring  instruments  can  be  completely  avoided,  so  that  oniy 
that  of  the  extra  current  remains.  In  this  way  he  has  arri^-ed  at  the  follow- 
ing laws  :— 

i.  T/ie  strength  of  the  currents  used  being  the  scmte^  the  extra  currrtts 
obtained  on  tpeni/ig  and  closing  hai^e  the  same  electromotive  force. 
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iL  The  electromotive  force  of  the  extra  current  is  proportional  to  the 
strength  of  the  primary  current, 

909.  iBdmoed  evrrents  of  different  orders. — Spite  of  their  instantaneous 
character,  induced  currents  can  themselves,  by  their  action  on  closed  circuits, 
give  rise  to  new  induced  currents,  these  again  to  others,  and  so  on,  producing 
induced  currents  of  different  orders. 

These  currents,  discovered  by  Henry,  may  be  obtained  by  causing  to 
act  on  each  other  a  series  of  bobbins,  each  formed  of  a  copper  wire  covered 
with  silk,  and  coiled  spirally  in  one  plane,  like  that  represented  in  plate  A, 
fig.  817.  The  currents  thus  produced  are  alternately  in  opposite  directions, 
and  their  intensity  decreases  in  proportion  as  they  are  of  a  higher  order. 

91a  Fropertles  of  indaced  ourrente. — Notwithstanding  their  instan- 
taneous character,  it  appears  from  the  preceding  experiments  that  induced 
currents  have  all  the  properties  of  ordinary  currents.  They  produce  violent 
physiological,  luminous,  calorific,  and  chemical  effects,  and  finally  give  rise 
to  new  induced  currents.  They  also  deflect  the  magnetic  needle  and  mag- 
netise steel  bars  when  they  are  passed  through  a  copper  wire  coiled  in  a 
helix  round  the  bars. 

The  intensity  of  the  shock  produced  by  induced  currents  renders  their 
effects  comparable  to  those  of  electricity  at  high  potential. 

The  direct  induced  current  and  the  inverse  induced  current  have  been 
compared  as  to  their  chemical  action  ;  the  violence  of  the  shock  ;  the  deflec- 
tion of  the  galvanometer ;  and  the  magnetising  action  on  steel  bars.  In  these 
respects  they  differ  greatly  :  they  are  equal  in  their  chemical  action  ;  they  are 
about  equal  in  their  action  on  the  galvanometer  ;  but  while  the  shock  of  the 
direct  current  is  very  powerful,  that  of  the  inverse  current  is  scarcely  percept- 
ible. The  same  difference  prevails  with  reference  to  the  magnetising  force. 
The  direct  current  magnetises  to  saturation,  while  the  inverse  current  does 
not  magnetise. 

911.  Macaeto-eleetrioal  appermtae.— After  the  discovery  of  magneto- 
electrical  induction,  several  attempts  were  made  to  produce  an  uninterrupted 
series  of  sparks  by  means  of  a  magnet.  Apparatus  for  this  purpose  were 
de\'ised  by  Pixii  and  Ritchie,  and  subsequently  by  .Saxton,  Ettingshausen, 
•and  Clarke.  Fig.  824  represents  that  invented  by  Clarke.  It  consists  of 
a  powerful  horseshoe  magnetic  batter>',  A,  fixed  against  a  vertical  wooden 
support  In  front  of  this  arc  two  bobbins,  IJ  \\\  movable  round  a  hori- 
Hmtat  axis.  These  bobbins  are  coiled  on  two  cylinders  of  soft  iron  joined 
at  one  end  by  a  plate  of  soft  iron,  V,  and  at  the  other  by  a  similar  plate 
of  brass.  These  two  plates  are  fixed  on  a  copper  axis,  terminated  at 
one  end  by  a  conmiutator,  qi^  and  at  the  other  by  a  pulley,  which  is  moved  by 
an  endless  band  passing  round  a  large  wheel,  which  is  turned  by  a  handle. 

Each  bobbin  consists  of  about  1,500  turns  of  ver>'  tine  copper  wire 
covered  with  silk.  One  end  of  the  wire  of  the  lK>bbin  H  is  connected  on 
the  axis  of  rotation  with  one  end  of  the  wire  of  the  bobbin  \\\  and  the  two 
other  ends  of  these  wires  temiinate  in  a  copper  ferrule  or  washer,  ^,  which 
isbxed  to  the  axis,  but  is  insulated  by  a  cylindrical  envelope  of  ivor)-.  In 
order  that  in  each  wire  the  induced  current  may  be  in  the  same  direction,  it 
is  coiled  on  the  two  bobbins  in  different  directions— that  is,  one  is  ri;^hl- 
handed,  the  other  left-handed. 
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When  now  the  electromagnet  turns,  its  two  branches  becocne  jOtcnsaie^T 
magnetised  in  contrary  directions  under  the  influence  of  the  magnet  A,  lad 
in  each  wire  an  induced  current  is  produced,  the  direction  of  which  du£{^ 
at  each  haif-ium. 

Let  us  follow  one  of  the  bobbins — B,  for  instance— whUe  it  makes  a  am- 
pleie  revolution  in  front  of  the  poles  a  and  b  of  the  magnet ;  calling  * 
poles  of  the  electromagnet  successively  a'  and  b\  Let  us  further  coai^ 
the  latter  when  it  passes  in  front  of  the  north  pole  of  the  magnetic  bat: 
(fig.  S24),  The  iron  has  then  a  south  pole  in  which,  as  we  know,  the  A 
Parian  currents  move  like  the  hands  of  a  watch.     The  contrary  seenss  to  te 


represented  in  fig.  825,  but  it  must  be  remembered  th*i  the  bobbim  ^ 
seen  here  as  they  are  in  fig.  824  ;  and  hence,  when  viewed  at  Ibt  cod  «li* 
faces  the  magnet,  the  Ampi^rian  currents  seem  to  turn  Ltke  the  hmb  rf> 
watch.     These  currents  act  inductively  on  the  wire  of  llic  bobbifl,  fvodaeiC 
a  current  in  the  same  direction  (902,  iii.X  for  the  bobbin  moirtA  awftp^ 
the  pole  a,  its  soft  iron  is  demagnetised,  and  tlic  Amp^rUii  ontenxi  ctftf- 
The  intensity  of  the  induced  current  in    the   bobbin  decratcf^  mi  # 
right  line  joining  the  axes  of  the  two  bobbins  is  perpcndioitar  to  dMf  vii^ 
joins  the  poles  a  and  b  of  the  bar.    There  is  now  00  loagitetisatioii  iti  *5ir  biif. 
but  quickly  approaching  the  pole  b^  its  soft  iron  is  then  nu^iMtivr 
opposite  direction — that  is,  becomes  a  north  pole  (6g*  836).     T**^ 
currents  are  then  in  the  direction  of  the  lurow  <r* ;  and  as  V 
mencing,  they  develop  in  the  wire  of  the  bobbin  an  inverse  srarrcu     * 
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ich  is  in  the  same  direction  as  that  developed  in  the  first  quarter  of  the 
3.  Moreover,  this  second  current  adds  itself  to  the  first ;  for  while  the 
ibin  moves  away  from  a,  it  approaches  b.  Hence,  during  the  lower  half- 
a  from  a  to  by  the  wire  was  successively  traversed  by  two  induced  currents 
the  same  direction,  and  if  the  rotatory  motion  is  sufficiently  rapid,  we 
^ht  admit  during  this  half-turn  the  existence  of  a  single  current  in  the  wire. 
The  same  reasoning  applied  to  the  figures  827  and  828  will  show  that 
ing  the  upper  half-turn  the  wire  of  the  bobbin  B  is  still  traversed  by 


Fig.  825. 


Fig.  8a6. 


Fig.  837. 


Fig.  838. 


ngle  current,  but  in  the  opposite  direction  to  that  of  the  lower  half-turn, 
at  has  been  said  about  the  bobbin  B  applies  obviously  to  the  bobbin 
yet,  as  one  of  these  is  right-handed  and  the  other  left-handed,  the 
•ents  are  constantly  in  the  same  direction  in  the  two  bobbins  during 
ti  upper  or  lower  half-revolution.  At  each  successive  half-turn  they  both 
nge,  but  are  in  the  same  direction  as  regards  each  other  ;  the  term 
action*  having  here  reference  to  figs.  825-828. 

^12.  Oommmtator.— The  object  of  this  apparatus  (fig.  829),  of  which  fig. 
is  a  section,  is  to  bring  the  two  alternating  currents  always  in  the  same 
ction.  It  consists  of  an  insulating  cylinder  of  ivory  or  ebony,  J,  in  the 
of  which  is  a  copper  cylinder,  ^,  of  smaller  diameter,  fixed  to  the  arma- 
V,  and  turning  with  the  bobbins.  On  the  ivory  cylinder  is  first  a  brass 
lie,  ^,  and  in  front  of  it  two  half-ferrules,  o  and  o\  also  of  brass  and 
pletely  insulated  from  one  another.  The  half-ferrule  o  is  connected  with 
ferrule  ^  by  a  tongue,  x.    On  the  sides  of  a  block  of  wood,  M,  there  are 
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two  brass  plates,  w,  w,  on  which  arc  screwed  two  clastic  springs,  b  aiid^,whkb 
press  successively  on  the  half-fcmiles  <>  and  o\  when  rotation  laScc-s  place. 

We  hA\T  aJ^ 
ready  seen  t^ 
the  ttm  r&di  of 
the  wire  of  cbr 
bobbin,  tboifii 
the  sAme  diifc- 
t  ion  nrxth  rasped 
to  the  uuieito 
passing  throo^ 
them     at    any 
time,  which  inH 
be  found  to  he 
those     faT*»TftT 
away  fr 
armatun 
minate    la  tor 
,  metallic  xc>K 

^^— ^  and  thereibieoi 

^^  ^  the  half-feniit 

y;     while  tbt 

other  twn  tA 

both  in  the  same  direction  with  respect  to  the  current,  are  joined  to  At 

ferrule  g^  and   therefore  to  the  half-ferrule  o.     It  follows  that  the  ptef* 

<?  0*  are  always  poles  of  alternating  currents  which  are  de%^1oped  tn  the 

bobbins  :  and,  as  thex  vn 

aUematcIy  in  conUfydiicc* 

tions,  the  and  '" 

are  allerr..  ve  M< 

n  ega t i ve*     N  ou ,  ukinf  »*» 

case  in  which  the  haK-fosi^ 

o'   is    positive,  the  caxst^ 

descends  by  the  spripC  ^ 

follows  the  plate  nt,  tt^ 

at  «  by  the  joining  wot  f 

ascends  in  r,  and  is  dmd 

by  contact  with  the  pictff  #• 

^*^  ®^  then  when,  to  ctmsecpK»ff 

of  rotation,  £»  takes  the  place  of  o%  the  current  retains  the  saine  directioi  ^ 

for,  as  it  is  then   reversed  in  the  bobbins,  o  has  become  postts?e  aad  ^ 

negative,  and  so  forth  as  long  as  the  bobbin  is  turned. 

With  the  two  springs  6  and  t  alone,  the  opposite  currents  from  the  !*• 
pieces  ^  and  o'  could  not  unite  when  m  and  n  are  not  joined  :  this  it  cfet^ 
by  means  of  a  tliird  spring,  a  (fig,  832),  and  of  two  appendices,  d^  coif  en^ 
which  is  visible  in  the  figure.  These  two  pieces  are  insulaied  koUk  0^ 
another  on  an  ivory  cylinder,  but  communicate  respectively  with  tbt 
o  and  o\   As  often  as  the  spring  a  touches  one  of  thcs«  it 

with  the  spring  ^,  and  the  current  is  closed,  for  it  p..  .t  i  to«,aflrf 
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\txi  reaches  the  spring  c  by  the  plate  n.     On  the  contrary,  as  long  as  the 
>ring  a  docs  not  touch  one  of  these  appendices  the  current  is  broken. 

For  physiological  effects  the  use  of  the  spring  a  greatly  increases  the 
itcnsity  of  the  shocks.  For  this  purpose  two  long  spirals  of  copper  wire 
ith  handles, ^  and /',  are  fixed  at  n  and  m.  Holding  the  handles  in  the 
uids,  so  long  as  the  spring  a  does  not  touch  the  appendices  /,  the  current 
ftsfes  through  the  body  of  the  experimenter^  but  without  appreciable  effect ; 
hilc  each  time  that  the  plate  a  touches  one  of  the  appendices  1,  the  current, 
I  we  have  seen  above,  is  closed  by  the  pieces  b^  a^  and  t%  and  ceasing  then 
t  pass  through  the  wires  w/,  wp\  there  is  produced  in  this  and  through  the 
Ddy  a  direct  extra  current  which  causes  a  violent  shock. 

This  is  renewed  at  each  half4urn  of  the  electromagnet,  and  its  intensity 
tO'eases  with  the  velocity  of  the  rotation.  The  muscles  contract  with  such 
»rce  that  they  do  not  obey  the  will|  and  the  two  hands  cannot  be  detached, 
ITith  an  apparatus  of  large  dim  en- 
ions  a  continuance  of  the  shock 
\  unendurable. 

All  the  effects  of  voltaic  cur- 
Eats  may  be  produced  by  the  in- 
UOed  current  of  Clarke's  machine. 
\,  823  shows  how  the  apparatus 
t  10  be  arranged  for  the  decom- 
visit) on  of  water.  The  spring  ti 
I  suppressed,  the  current  being 

iosttj  by  the  two  wires  which  re-  Fig.  831,  Fig,  631, 

intent  the  electrodes. 

For  physiological  and  chemical  effects  the  wire  rolled  on  the  bobbins  is 
be,  and  each  about  500  or  600  yards  in  length.  For  heating  effects,  on  the 
nntrary,  the  wire  is  thick,  and  there  are  about  25  to  35  yards  on  each  bobbin. 
'g»-  83 1  and  832  represent  the  arrangement  of  the  bobbins  and  the  com- 
lutator  in  each  case.  The  first  represents  the  inflammation  of  ether,  and 
it  second  ibc  incandescence  of  a  metallic  wire,  <>,  in  which  the  current  from 
he  plate  a  to  the  plate  c  always  passes  in  the  same  direction. 

Pixii's  and  Saxton's  electromagnetic  machine  differs  from  Clarke's  in 
ttrtiif  the  electromagnet  fixed  while  the  magnet  rotates. 

Neatstone  devised  a  compendious  form  of  the  magneto-electrical 
ne,  for  the  purpose  of  using  the  induced  spark  in  firing  mmes  ;  794). 
it's  apparatus  for  the  same  purpose  consists  of  a  jwwerfui  horse- 
tieiic  batter>%  to  the  ends  of  which  arc  screwed  soft  iron  cores, 
Rch  are  coils  of  fine  wires  ;  to  these  arc  connected  the  wires  leading 
I  ihe  mine  to  be  fired.  The  ends  of  the  soft  cores  arc  connected  by  a  ' 
l^yron  keeper;  and  when^,  by  a  suitable  mechanism,  this  is  suddenly 
l^ed  from  the  cores,  a  powerful  momentary'  induction  current  is  pro* 
iccd  in  the  bobbins,  which  is  sufficient  to  fire  more  than  one  fuse,  through 
CO  a  considerable  length  of  wire. 

915^  IBs0BetA*«iectrioal  maoliliie.  -The  principle  of  Clarke's  apparatus 
0  fvoetved  in  the  last  few  years  a  remarkable  extension  in  large  magneto* 
pctricai  machines,  by  means  of  which  mechanical  work  is  transformed  into 
ireffttl  electric  currents  by  the  inductive  action  of  magnets  on  coik  mrnnrlnn 


rT^V- 


nrrangcd  that  if  ihey  arc  considered  either  parallel  to  the  axi*  o*  the  W^ 
or  in  a  plane  perpendicular  to  this  axis,  opposite  poles  altrays  bet  ^ 
another.  In  each  scries  the  outside  batteries  consist  of  thxtm  niJiflWi"^ 
plates,  while  the  three  middle  ones  have  six  plates,  because  thcf  act  Iff  N^ 
faces,  while  the  tirst  only  acts  by  one. 

On  a  horizontal  iron  ;txis  going  from  one  end  to  the  other  of  tli«  1^ 
four  bronze  wheels  are  fixed,  each  corresponding  to  ihc  tntervali  beW<^ 
the  magnetic  batteries  of  two  vertical  series.     There  are   i6  roJl*  tm  ^ 
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jciimfcrence  of  each  of  these— iliat  is,  as  many  as  there  are  magnetic  poles 
iieach  vertical  series  of  magnets.  These  coib,  represented  in  fig*  834,  differ 
|Ri  those  of  Clarke's  apparatus  in  having  12  wires,  each  1 1)  yards  in  length, 
^tead  of  a  single  wire,  by  which  the  resistance  is  diminished.  The  wires 
ttbcse  coils  are  insulated  by  means  of  bitumen  dissolved  in  oil  of  turpentine. 
bey  are  not  wound  upon  solid  cylinders  of  iron,  but  on  iron  tubes,  split 
ligitudinaJly  ;  this  device  renders  the  magnetisation  and  demagnetisation 
tore  rapid  when  the  coils  pass  in  front  of  the  poles  of  the  magnet.  Further, 
he  discs  of  copper  which  terminate  the  coils  are  slit  in  the  direction  of  the 
idius,  in  order  to  prevent  the  formation  of  induced  currents  in  these  discs. 
he  four  wheels  being  respectively  provided  with  16  coils  each,  there  are 
toother  64  coils  arranged  in  16  horizontal  series  of  four,  as  seen  at  D,  on  the 
R  of  the  frame.  The  length  of  the  wire  on  each  coil  being  13  times  u^ 
^ils,  or  138  yardSf  the  total  length  in  the  whole  apparatus  is  64  times 
|8  yards,  or  8,83^  yards. 

^    The  wires  arc  wound  on  all  the  coils  in  the  same  direction  ;  and  not  only 
^  the  §a.me  wheel,  but  on  all  four,  all  wires  are  connected  with  one  another, 
be  this  purpose  the  bobbins  are  joined,  as  shown  in  fig.  835  :  on  the  first  ( 
|icei  the  twelve  wires  of  the  first  coil,  r,  are  connected  on  a  piece  of 
luiiogxny  fixed  on  the  front  face  of  the  wheel  with  a  plate  of  copper,  m^ 
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^^kted  by  a  wire,  O,  with  the  centre  of  the  axis  which  supports  the 
PIK  At  the  other  end,  on  the  other  face  of  the  wheel,  the  same  wires  are 
lihjed  to  a  plate  indicated  by  a  dotted  tine  which  connects  them  with  the 
myv  horn  this  they  are  connected  with  the  coil  i  by  a  plate,  /,  and  so  on 
h  the  rolla  /,  if,  *  .  .  up  to  the  last,  v.  The  wires  of  this  coil  terminate  in 
Jibf'  li  traverses  the  first  wheels  and  is  soldered  to  the  wires  of  the 

m  €  next  wheel,  on  which  the  same  series  of  connections  is  re- 

ified ;  iX%^hc  wires  pass  to  the  third  wheel,  thence  to  the  fourth,  and  so  on 
^tbe  end  of  the  axis. 

The  calls  being  thus  arranged,  one  after  another,  like  the  elements  of  a 
coonected  in  a  series  (825),  the  electricity  is  of  high  potential.     But 

f  mmy  also  be  arranged  by  connecting  the  plates  alternately,  not  with 

I  otlMS'y  btit  with  two  metal  rings  in  such  a  manner  that  ail  the  ends  of 
name  are  connected   with  the  same  ring.     Each  of  these  rings 
fUseo  a  pole,  and  this  arrangement  may  be  used  where  a  high  degree  of 

ntial  is  aat  required. 
'  Wwom  these  explanations  it  will  be  easy  to  understand  the  manner  til 
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which  electricity  is  produced  and  propagated  in  this  apparatus.    An 
band,  receiving  its  motion  from  a  steam-engine,  passes  round  a  poUey  ibal 
at  the  end  of  the  axis  which  supports  the  wheels  and  the  coils,  and  moves 
the  whole  system  with  any  desired  rapidity.     Experience  has  shown  that  H 
obtain  the  greatest  degree  of  light,  the  most  suitable  velocity  is  235  revoii- 
tions  in  a  minute.     During  this  rotation,  if  we  at  first  consider  a  siq^ 
coil,  the  tube  of  soft  iron  on  which  it  is  coiled,  in  passing  in  firont  of  tk 
poles  of  the  magnet,  undergoes  at  its  two  ends  an  opposite  inducdoo,  tk 
effects  of  which  are  added,  but  change  from  one  pole  to  another.    As  tboe 
tubes,  during  one    rotation,  pass  successively  in  front   of  sixteen  poto 
alternately  of  different  names,  they  are  magnetised  eight  times  in  ooedh 
rection  and  eight  times  in  the  opposite  direction.     In  the  same  time  tbene 
are  thus  produced  in  the  bobbin  eight  direct  induced  currents  and  e^ 
inverse  induced  currents  ;  in  all,  sixteen  currents  in  each  revolution,    ^t^ 
a  velocity  of  235  turns  in  a  minute,  the  number  of  currents  in  the  same  xm 
is  235    X  16  »   3,760  alternately  in  opposite  directions.     The  same  pk 
nomenon  is  produced  with  each  of  the  64  coils  ;  but  as  they  are  all  vooo^ 
in  the  same  direction,  and  are  connected  with  each  other,  their  effects  acci- 
mulate,  and  there  is  the  same  number  of  currents,  but  they  are  more  ioteost 
To  utilise  these  currents  in  producing  the  electric  light,  the  connectioes 
are  made  as  shown  in  fig.  836.     On  the  posterior  side  the  last  coil  x\  i 
the  fourth  wheel  terminates  by  a  wire,  G  on  the  axis  MN,  which  support) 
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the  wheels :  the  current  thus  passes  to  the  axis,  and  thence  over  *i 
the  machine,  so  that  it  can  be  taken  from  any  desired  point.  In  tk 
front  the  first  coil,  jr,  of  the  first  wheel  communicates,  by  the  ^irt  0.  «< 
with  the  axis  itself  but  with  a  steel  cylinder,  r,  fitted  in  the  axis,  from  whici 
however,  it  is  insulated  by  an  ivor>'  collar.  The  screw  <•,  to  which  the  init 
O  is  attached,  is  likewise  insulated  by  a  piece  of  ivory.  From  the  cylio^ 
c  the  current  passes  to  a  fixed  metallic  piece,  K,  from  which  it  passe* » 
the  wire  H,  which  transmits  it  to  the  binding  screw  a  of  fig.  833.  Tk 
binding  screw  b  communicates  with  the  framework,  and  therefore  with  tk 
wire  of  the  last  coil  .r'  (fig.  836).  From  the  two  binding  screws  a  a»i ' 
the  current  passes  by  two  copper  wires  to  two  carbons,  the  distance*^ 
which  is  regulated  by  means  of  an  apparatus  analogous  in  principle  :o  '^ 
already  described  (835) 

In  this  machine  the  currents  are  not  rectified  so  as  to  be  in  the  >i-T* 
direction— it  produces  alternate  currents  ;  hence  each  carbon  is  alieniif  • 
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iiUve  and  negative,  and  in  fact  they  are  consumed  with    equal  rapidity 

iTlien   these  currents  are  applied  to  produce   the   electric  light,  it  is  not 

ssary  they  should  be  in  the  same  direction  if  a  suitable  lamp  be  used  : 

when  they  are  to  be  used  for  electro- metallurgy,  or  for  magnetising,  they 

be  rectified,  which  is  cflfected  by  means  of  a  suitable  commutator. 

s  type  of  machine  may  claim  a  description  here  as  that  by  which 

to-electrical  currents  were  first  applied  on  a  large  scale  for  technical 

Such  machines,  are,  however,  being  superseded  by  various  im  - 

forms  of  machines,  which  for  the  same  power  are  simpler,  less  costly, 

Kd  txcupy  a  smaller   space.     Of  the  newer  forms  of  magneto-electrical 

ichinc  that  of  Meriten's  is  stated  to  give  the  best  results. 

914.  fllcmens'  armatiire, — Dr.  Siemens  devised  a  cylindrical  armature 

ir  ma^ctO'Clcctrical  machines,  in  which  the  insulated  wire  is  wound  length- 

on  the  core,  instead  of  transversely,  as  is  usually  the  case. 

It  consists  of  a  soft  iron  rod  or  cylinder,  AB  (fig,  S37),  from  one  foot  to 

ifce  feel  in  length,     A  deep  groove  is  cut  in  this  cylinder  and  on  the  ends, 

idijdi  is  coiled  the  insulated  wire,  as  sbow^n  in  section  in  fig,  839,     To 
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two  ends  of  the  cyUnder,  brass  discs,  E  and  D,  are  secured.  With  E  is 
■mcctcd  a  comnmtator  C,  consisting  of  two  pieces  of  steel  insulated  from 
li  other,  and  connected  respectively  with  the  two  ends  of  the  wire.  On 
other  disc  is  a  pulley,  fi^  round  which  passes  a  cord,  so  that  the  bobbin 
iTs  very  rapidly  on  the  two  pivots. 

When  a  voltaic  current  circulates  in  the  wire,  the  two  cylindrical  seg* 
^U  A  And  B  are  immediately  magnetised,  one  with  one  polarity  and  the 
with  the  opposite.  On  the  other  hand,  if  instead  of  passing  a  voltaic 
t  through  the  wire  of  the  bobbin,  the  bobbin  itself  be  made  to  rotate 
pidly  between  the  opposite  poles  of  magnetised  masses,  as  the  segments 
%ad  B  become  alternately  magnetised  and  demagnetised,  their  induction 
Muces  in  the  wire  a  series  of  currents  alternately  positive  and  negative, 
io  Clarl^   "  ratus(9io).     When  these  currents  are  collected  *m  a  com - 

itator  wl  ts  them— that  is,  sends  all  the  positive  currents  on  one 

_  and  all  the  negative  on  another— these  springs  become  electrodes, 
_  on  ^  of  which  positive  electricity  starts,  and  from  the  other  negative.  If 
le  T^e  connected  by  a  conductor,  the  same  effects  arc  obtained  as 

^  r  ] Miles  of  a  battery  are  united. 

This  Armature  has  the  great  advantage  that  a  large  number  of  com- 

small  magnets  may  be  used  instead  of  one  large  one.     As,  weight 

w^ght^  the  former  possess  greater  magnetic  force  than  the  latter,  they 

ht  mmdt  more  economicalJy.     And  as  the  armature  is  enclosed  by  and 

the  magnets,  it  experiences  the  action  of  the  field  in  its  greatest 
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energetic  current  is  obtained  J  the  electromagnet  thus  eKcitcd  pliyi  I 

of  the  permanent  niagiiets,  but  is  moic  powerful 

This  machine  consists  first  of  a  batterj-  of  12  to  16  mignds^  F  (S 
each  of  which  weighs  about  3  pound?,  and  can  support  abamt  70  \ 
ctween  the  poles  of  the  magnets  twn  sofr  iron  keepers  CQ  j 
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iparated  by  a  brass  plate,  O,  These  three  pieces  are  joined  by  boUs»  attd 
le  whole  compound  keeper  is  perforated  longitudinally  by  a  cylindrical  | 
kviiy,  in  which  works  a  Siemens'  armature,  n,  about  2  inches  in  diameter. ' 
he  wire  of  this  armature  terminates  in  a  commutator,  which  leads  the 
)sitive  and  negative  currents  to  two  binding  screws,  a  and  b.  This  com- 
mtator  is  represented  on  a  larger  scale  in  fig.  839.  At  the  other  end  is  a 
lllcy  by  which  the  armature  can  be  turned  at  the  rate  of  25  turns  in  a  second. 
lie  wire  on  the  armature  is  20  yards  lon|,^ 

Below  the  support  for  the  magnets  and  their  armatures  are  two  large 
Icctromagnets,  BB,  which  are  called  th^Jf^/tf  majptefs,  since  to  them  is  due 
te  production  of  the  magnetic  field.  Each  consists  of  a  rectangular  soft 
on  plate,  56  inches  in  length  by  26  in  breadth  and  i^  inch  thick»  on  which 
re  coiled  about  1,610  feet  of  insulated  copper  wire.  The  wires  of  these 
lectromagnets  are  joined  at  one  end,  so  as  to  form  a  single  circuit  of  3,200 
set  One  of  the  other  ends  is  connected  with  the  binding  screw  ti,  and  the 
Uicr  with  ^,  At  the  lop  the  two  plates  arc  joined  by  a  transverse  plate  of 
ton,  so  as  to  form  a  single  electromagnet. 

At  the  bottom  of  the  electromagnets  B  B  arc  two  iron  armatures,  separated"^ 
jr  *  brass  plate,  O,  and  in  the  entire  length  is  a  cylindrical  channel  in  which 
^odcs  a  Siemens*  armature,  w,  as  above  :  this  armature,  however,  is  above  a 
ftsd  in  lengthy  nearly  6  inches  in  diameter,  and  its  wire  is  100  feel  long,  j 
fcc  Olds  are  connected  with  a  commutator,  from  which  the  adjusted  currents 
Itss  to  two  wires,  r  and  s.  The  armature  m  is  rotated  at  the  rate  of  1,700 
kins  in  a  minute. 


,  B59  »hows  on  a  larger  scale  across  section  of  the  coil  of  the  armattires 
1  of  U»  plates  AA,  on  which  the  wire  of  the  electro* magnets  B  B  is 

Tbesfe  tletaits  being  premised,  the  following  Is  the  working  of  the 
bine:>-Whfn  the  armatures  n  and  m  are  rotated  by  means  of  a  steam* 
Eie  whh  the  velocity  mentioned^  the  magnets  produce  in  the  first  arma- 
iitduced  currents,  which,  adjusted  by  the  commutator,  pass  into  the 
agnet  B  B,  and  magnetise  it  But  as  these  impart  to  the  lower 
s,  C  C,  opposite  polarities,  the  induction  of  these  latter  produces  in 
■e  jw  a  scries  of  positive  and  negative  currents  far  more  powerful 
those  of  the  upper  armature  :  so  that  when  thc*c  arc  adjusted  by  a  1 
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commutator  and  directed  by  Che  wires  r  and  x,  very  poweriiil  effects 
obtained. 

These  effects  are  still  further  intensified  if,  as  Mr.  Wild  hjs  dane^tW 
adjusted  current  of  the  armature  m  is  passed  into  a  second  electfti*aii(gM« 
whose  armatures  surround  a  third  and  larger  Siemens'  armature  tiiniiii{«ii)i 
the  two  others.  Mr.  Wild  thus  produced  currents  of  a  strength  far 
anything  which  up  to  that  time  had  been  attained  ;  he  was  able;  fbr  il 
to  melt  easily  an  iron  wire  a  foot  long  and  more  than  o'2  inch  in 

916.  DyiiAixio-«lectrtoal  m&otiljiei.—A  great  advance  was  made 
discovery  of  the  principle  of  the  reaction  of  a  current  on  itseli^ — a 
made  by  Dr.  Werner  Siemens  and  Sir  C,  Wheaistonc  independieotlyc^ea^ 
other^  and  almost  simultaneously.     If  a  momentary  voltaic  ctiirent  be  ptflsA 
through  the  wires  of  the  rotating  annature  of  such  a  machine  as  tbc  aba*t, 
a  trace  of  residual  magnetism  will  be  left  in  the  core.     The  rotatioin  of  te 
armature  induces  a  current  in  the  electromagnets  B  B  :  this  in  ttun  roctl« 
the  annature,  increases  its  magnetism^  which  again  increases  Uie  strcni:tlj«' 
the  electromagnets,  and  so  forth, ^  We  have  in  this  an  analogy*  with  W9tz\ 
machine  (759),  in  which  the  electricity  of  the  plate  and  the  condocton  n\ 
procally  strengthen  each  other.   It  is  not  even  necessary  to  spcdally  inj|3C0«e 
the  iron  at  the  outset  ;  the  trace  of  residual  magnetism  always  presoit  m  Bsi 
(715)  is  sufficient  to  start  the  apparatus^  which  then  goes  on  incrreftftiqf  *i^ 
the  velocity  of  the  rotation,  and  which  indeed  is  only  limited  by  the  bctfiiC 
of  the  uires  and  the  bearings,  and  by  the  difficulty  of  properly  tnsaktsQII^ 
coils  when  such  powerful  currents  are  used. 


Apparatus  which  transform  mechanical  work  into  dectridty  wltboK^  ^ 
use  of  permanent   magnets,  or  c»f  esttraneous  e1ectn>-iiuigQ0l%  ai         ^ 
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'tmmo^fUctrical  machifus^  in  contradistmction  to  magneto-electrical 
ines,  in  which  ihe  magnetism  is  not  furnished  by  the  play  of  the 
ine  itself^  but  is  got  from  pemianent  magnets*  It  must  not,  however, 
>po&ed  that  in  the  one  the  electricity  is  produced  at  the  expense  of  the 
eiism,  and  in  the  other  at  the  expense  of  the  work.  There  is  really  no 
ction  of  this  kind  between  them  ;  in  both  kinds  of  machine  electricity 
duced  at  the  cost  of  work,  and  for  this  reason  both  are  indeed  dynamo- 
teal  machines. 

le  earliest  machine  of  this  kind  was  that  invented  by  Mr.  Ladd.  It  con- 
tsscntially  of  two  Siemens'  armatures,  rotating  with  great  velocity,  and 
I  iron  plates,  A  A  (fig.  841),  surrounded  by  an  insulated  copper  wire. 
le  electromagnets  B  B  are  not  joined  so  as  to  form  a  single  one,  but 
ro  distinct  electromagnets,  each  having  at  the  end  two  hollow  cylin- 
C  C%  m  which  are  fitted  two  Siemens'  armatures,  m  and  n  :  the  current 
armature  n  passing  round  the  electromagnets  reverts  to  itself.  The 
of  the  armature  m  passes  into  the  apparatus  which  is  to  utilise  the 
It — for  instance,  two  carbon  points,  D, 

le  residua]  magnetism  in  the  armature  plates  and  their  keepers  is  sufficient 
rt  the  machine.  If,  then,  the  armatures  m  and  n  be  rotated  by  means  of 
mds  passing  round  a  common  drum,  the  magnetism  of  the  hollow  cylin- 
p  C,  acting  upon  the  armature  //,  excites  induction  currents,  which,  ad- 
by  a  commutator,  pass  round  the  electromagnets  B  B,andmore  strongly 
disc  the  cyhnders  or  shoes  C  Q\  These,  in  their  turn  reacting  more 
■fully  on  the  armature  w,  strengthen  the  current  ;  we  thus  see  that  n  and 
tinually  and  mutually  strengthen  each  other  as  the  velocity  of  the  rota- 
icrcascs.  Hence,  as  the  ron  of  the  armature  m  becomes  more  and 
strongly  magnetised 
the  influence  of  the 
a-nuignets  B  H,  a 
ally  more  powerful 
ed  current  is  dc- 
in  this  armature^ 
directed^  corn- 
not,  according 
for  which  it  is  %^ 

|b     machine     ex- 

!  the  Paris  Exhi- 

tS67  the  plates 

only  24  inches 

I  by  12  inches  in 

fWitb  these  small    _ 

Hhc  current  is  ^^_    _ 

of  25  to  30 

,.  CdlsL       It  can 

\  electric  light  and  keep  incandescent  a  platinum  wire  a  metre  to 
^id  0*5  mm.  in  diameter. 

L  above   form   of  the  machine   is  worked   by  steam   power,    Mf, 
\  a  more  compact  form,  which  may  be  worked  by  hand.    ''^^'*^ 
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in  ng.  842.    T¥e  two  ; 


IS  icpr 

the  Goils  aie  wocmdooit  at  ng^ 

The  cnrrent  from  this  can  laise  «> 


bT  i— 


are  fixed  end  to  end,  and 
to  each  odier,  as  shown  in  tbe^we. ' 
heat  18  inches  of  pladnnm  wire  (rai 
in.  in  tfaidcness,  and  witk 
an  inductui  ium  <'9ai  con- 
taining 3  miles  of  second- 
ary wire  3-in.  sparks  caa 
be  obtained. 


-A 
remarkable  mipioveQicot 
in  magneto-  and  dynamo 
electric  machines  ft 
the  applicatioD  of  a  rmg 
fwdui-fmr.  This  was  in- 
Tcnted  by  ProC  Padnodi 
in  1862,  and  is  icDOva 
as  Pmcmaafs  rzMg,  It 
was  applied  by  him  i» 
an  electromagnetic  molar» 
hot  he  diowed  that  it 
coold  be  used  as  a 
magneto-^ectrical  moiar. 
The  same  prind}^  wa* 
discovered  several  years 
later,  it  would  appeir 
quite  independcnthr,  br 
M.  Gramme,  azni  utiliicd 
zragneto-electrical  marhinf- 
viz^  at  once  direct,  and  what  are 
ically  axitinoons  currents,  aad 
having  regard  to  the  size  of  tbr 


scm  ct 


wire,  j^ 


'---»«-^^^  were  more  powerful  than  aay 

bhberto  obtained.     A  laborator>*  fa« 

ct  Gra-TTTnr's  machine  is  represented  ia 

%.  S45.  in  about  |  of  the  real  sift.  Oo 

a  base  is  nxed  vertically  a  powtrf"^ 

Tamrr:'s  ma^:netic  battery,  A  (%  i43' 

ozcscrocted  of  24  steel  plates,  eadi  1 0^ 

ziihxkaess^then  separately  masneos'^ 

»  sarisaticcL    To  the  two  p<^  ** 

afiied  two  soft  iron  armatures  «  aad  ^ 

*>Kween  which  an  axle  is  rotated  bf 

lae^ns  of  a  wheel  and  rackworic.  Oi 

this  axie  is  a  ring  on  which  arc  ««"*° 

~  A  5er^  of  thirty  coils.    The  riaj  » 

bet  :t5if  If  r.xiivst<  vX  a  ccci  of  a  ccmber  of  turns  of  sofc  ^"^ 

£^.  io-u  Azc  .3  t^is  way  dae  changes  in  its  mMgoOasi^ 


■ 
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which  take  place  are  far  more  rapid^  and  the  heating  eflfect  due  to  these  rapid 
changes  is  less  \  the  wire  is  continuous,  and  the  two  ends  are  soldered 
together. 

On  this  core  are  wound  the  coils  BCD;  they  are  united  by  thin  brass 
knee-plates  m  n^  to  each  of  which  are  soldered  the  copper  wires  of  two  suc- 
cestive  coils^  so  as  to  form  a  continuous  whole.  The  plates  are  insulated 
from  each  other,  and  are  fixed  on  a  wooden  block  o^  mounted  on  the  axis 
of  rotation.  The  branches  m  n  of  the  knee-p!ales  form  a  sheath  about 
tills  axis,  and  tw^o  flat  brushes  of  copper  wire,  fixed  to  the  binding  screws 
i  and  r,  are  in  contact  with  the  upper  and  lower  parts  of  this  sheath,  and 
receii'e  the  currents  which  originate  in  the  coils. 

In  order  to  understand  the  action  of  Gramme's  machine,  let  us  now  con- 
sider the  condition  of  a  soft  iron  ring  which  is  placed  between  the  two 
opposite  poles  of  a  powerful  permanent  magnet,  at  the  opposite  ends  of 
a  diameter  of  the  rmg  (fig.  845).  The  parts  nearest  the  ring  will  be  of  the 
opposite  polarity  to  that  of  the  inducing  magnet.  We  may  consider  that 
Qnder  its  influence  each  half  of  the  ring  is  converted  into  a  magnet  with  its 
two  poles  and  neutral  line.  The  same  poles  of  the  ring  face  each  others  and 
the  eflfcct  is  not  altered  if  the  ends  touch.  Let  us  now  suppose  the  ring 
fixed,  and  that  a  thin  coil  moves  round  it,  starting  from  the  neutral  line.  As 
it  nears  the  pole  jr,  a  current  on  approach  will  be  induced 
in  the  coil  in  the  opposite  direction  to  that  which,  on 
Amp^e's  hypothesis,  circulates  round  the  end  of  the 
pole  s  \  as  it  passes  over  the  other  half  j,  a  leaving  cur- 
rent is  produced,  which  is  in  the  j^/w^  direction  as  that 
%^     '  ilates  round  s  \    but  it  must  be  remembered 

tb  poles  face  one  another,  their  Ampcrian  cur- 

rcnis.  arc  in  opposite  directions,  the  result  of  which  is 
lh*f  fhr  rurrents  induced  on  approachingi  and  on  leav- 
IT;  i  the  same  direction  ;  in  other  words,  as  the 

0»  Hcs  in  front  of  the  double  pole  it  will  be  tra- 

ined by  a  continuous  current  in  the  same  direction, 
te  strength  of  which  increases  from  the  neutral  point 
tin  tt  comes  in  front  of  the  poles,  and  then  diminishes  '  '•*  "*^' 

ontil  it  is  at  the  neutral  point  again.  The  same  process  repent j  itself  in  the 
nnij  fts  it  approaches  the  other  pole,  except  that  the  current  is  negative,  so 
that  if  the  collectors  are  adjusted  on  one  side  of  the  neutral  point  they  will 
eoQect  the  opposite  currents,  and  they  can  be  utiUsed  in  an  external  circuit* 
What  is  here  true  of  one  coil  is  true  of  all  others  as  they  pass  in  front  of 
Ibe  poles  ;  and  as  they  are  all  connected  together  we  get,  not  so  much  a 
of  separate  impulses,  as  a  continuous  series  of  currents*  Thb  con* 
character  of  the  currents  is  improved  by  the  fact  that  the  collector 
are  so  arranged  as  to  touch  more  than  one  of  the  knee^pieces  at 

The  ring  of  course  docs  actually  rotate  with  the  coils,  and  the  polarity  of 
part  is  continually  changing ;  but  although  this  is  the  case,  the  position  of 
poles  remains  fixed  in  space,  and  the  effect  is  as  we  have  said*  It  must 
mMmI  that  the  poles  of  the  magnet  also  act  directly  on  the  coils  ;  and  if  we 
deter  the  ring  as  non-magnetic^  and  only  the  direct  action  of  the  poles  on 
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the  coil  to  operate,  it  will  be  seen  to  be  in  the  same  diiTpctioB  as  dK  usuok 
of  the  ring.  Both  effects  concur  then  in  increasing  the  strength  aad  abo 
continuity  of  the  currents. 

This  apparatus  is  very  powerful ;  the  smallest  sik  nade  can  dwiiwipwe 
water,  and  heat  to  redness  an  iron  wire  20  centimetres  in  length  and  a 
millimetre  in  diameter.  Mascart  and  Angot  determined  the  f  ]r<  lnwiifldfc 
force  of  different  Gramme's  machines  by  placing  in  die  dvcsit  of  tbe 
machine,  but  in  opposition  to  it,  a  number  of  DanielTs  cJf  mr  nK  The 
velocity  of  rotation  was  then  increased  until  a  galvaDometcr  in  the  droot 
was  not  deflected.  Wlien  this  was  the  case,  seeing  that  the  resistaacs 
traversed  by  the  opposing  currents  was  the  same,  it  is  dear  that  the  dectio- 
motive  force  due  to  the  machine  rotating  at  a  given  speed  is  exactly  equi- 
valent to  that  of  the  corresponding  number  of  elements.  Thus,  for  instaaoe, 
the  current  from  3  Daniell's  cells  was  found  to  neutralise  that  of  a  parrirriar 
hand  Gramme's  machine  rotating  with  a  velocity  of  10^  turns  per  secood. 
The  average  electromotive  force  due  to  this  machine  was  foimd  equal  to  017 
of  a  Daniell  for  a  velocity  of  1  turn  per  second.  With  anodier  the  ratio 
was  0*31,  and  with  others  again  as  much  as  0*8  of  a  DanielL 

It  will  be  seen  from  the  description  that  the  action  of  the  ring  indoctor  b 
not  inconsistent  with  the  application  of  the  dynamo-electrical  principle ;  and 
in  the  larger  machines  it  is  applied,  and  the  rotation  effected  by  steam  or 
gas  engines  or  by  water  power.  The  dimensions  and  details  of  the  coostnic- 
tion  vary  with  the  purpose  for  which  the  machine  is  designed.  Thus  in  a 
machine  which  is  to  be  used  for  electrolysis,  the  coils  in  the  ring  inductor 

arc  made  up  of  a  comparatnthr 
J0"3  Ql^Kr^  short  length  of  insulated  uppff 

bands,  while  for  the  ckctric 
light  a  long  length  of  fine  insu- 
lated Hire  is  used. 

Gramme  s  machine  b  re^"cr- 
sible  ;  for  while  by  its  means 
motion  is  convert«i  into  t)xs^- 
iricity,  it  can  in  like  manner 
convert  electricity  into  nKJO<». 
This  may  be  seen  by  connectffiS 
the  binding  screws  t  andi^i^k 
the  poles  of  a  Grove's  batten. 
This  iron  core  then  becomes 
magnetised  by  the  action  d  the 
current  passing  through  the 
coils  ;  the  whole  s>-stem  rotates 
rapidly  under  the  influence  ot 
the  magnetised  bundle. 
918.  Siemens*  dyTiamo-electricml  mmciiUiee.— Fig.  846  represcDis 
the  essential  features  of  one  of  the  small-sized  vertical  machines  nu^* 
by  Messrs.  Siemens.  A  characteristic  is  the  c>hndrical  or  drum  armatun^ 
which  may  be  regarded  as  an  extension  of  that  already  described  .9^^^ 
The  electromagnets  M  M  and  M'  M'  with  double  poles  feed  the  magnet--^' 
of  the  soft  iron  armatures  N  N,  which  are  bent  so  as  to  almost  complete) 
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le  the  inductor ;  they  are  in  detached  pieces,  so  that  air  can  freely 

tc  between  them,  and  thereby  the  temperature  be  kept  down. 

be  inductor  itself,   D,  consists  of  a  drum-shaped  frame  of  soft  iron 

(Covered  with  a  layer  of  insulating   material,   and    fixed  to  an   axle 

rests  in  the  strong  upright  supports,  and  is  rotated  by  means  of  power 

flitted  to  the  sheave  A,     The  wire  is  coiled  on  this :  one  end  is  attached 

ate  which  forms  part  of  the  collector,  as  in  Gramme's  machine  ;  it 

lengthwise  round  the  drum  in  several  turns,  and  the  other  end  is 

td  to  a  similar  piece  on  the  collector,  which  is  diametrically  opposite 

I.     The  wire  is  continuous,  the  connection  of  the  individual  strands 

effected  by  means  of  the  collector.     On  the  collector  rest  two  pairs 

Ishes,  b  b  and  b'  b*  \    they  are  connected  respectively  with  insulated 

screws  ;  from  these  the  current  passes  through  the  wires  of  the 

Unagnet,  and  thence  to  the  terminals^  /  /,  where  it  may  be  utilised  in 

lemal  circuit* 

e  advantage  of  this  construction  is  that  from  the  length  of  the  inductor 
res  are  moving  in  a  more  extended  field  ;  and  being  on  the  surface 
Itite  close  to  the  armature  of  the  field  magnets,  are  more  under  their 
ice. 

>maIJ  machine  of  this  kind,  which  does  not  occupy  a  space  of  more 
bree  cubic  feet,  and  rotating  with  a  velocity  of  15  turns  in  a  second, 
is  effected  by  i  \  horse-power,  can  produce  a  light  of  1,400  candles. 
MTgcT  sizes  produce  far  more  powerful  effects,  but  require  of  course 

power  to  work  them. 
ichlnes  of  this  class  give  continuous  currents.  A  kind  is  constructed 
^mating  currents  ;  it  consists  of  a  combination  of  two  machines,  one 
eh  is  on  the  d)Tiamo  principle,  as  in  the  above  case,  while  the  other  is 
lus  to  the  magneto -electrical  machine. 
\  BroAb  dynamo-electrteal  maolilae. — ^The  armature  of  this 
(fig.  847)  is  ring  shaped,  and  has  some  resemblance  to  Gramme's, 
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polar  appendices,  which  are  intended  to  act  laterally  on  the  coii^.  T  vy. 
cheeks  are  traversed  by  deep  horizontal  grooves,  and  also  by  a  large  and  dctp 
vertical  groove,  which  almost  divides  the  ring  into  two  parts.  By  this  means 
the  formation  of  local  currents  is  hindered,  and  a  greater  cooling  snrfux  is 
obtained. 

The  ring  rotates,  between  the  four  poles  of  two  very  powerful  electio- 
magnets,  M  and  M^  whose  soft  iron  armatures  ait 
prolonged  in  pole  plates,  N  and  S,  double  poles  being 
adjacent. 

On  the  collector  are  four  rings  (fig.  849'.  Each 
ring  consists  of  two  segments,  A  B,  separated  from 
each  other  at  one  end  by  an  air  space,  while  be- 
tween the  others  is  a  smaller  segment,  C,  called  the 
*"  insulator.'  During  the  rotation  one  pair  of  coib 
'^*  *  '  is  in  the  neutral  position  in  which  no  electromotife 

orce  is  being  developed  in  it.  In  this  position  the  coils  only  represent  1 
resistance,  and  their  presence  in  the  circuit  is  a  pure  loss.  The  contacts  are 
so  arranged  that  the  moment  the  pair  is  in  this  position,  which  is  at  each 
quarter  of  a  rotation,  one  of  the  brushes  touches  the  insulator,  and  is  thus 
not  only  removed  from  the  circuit,  but,  not  being  closed,  no  current  can 
circulate  in  it. 

One  end  of  each  coil  is  connected  with  one  end  of  the  coil  exactly 
opposite  it,  the  other  ends  being  connected  with  one  of  the  four  commutaw 
rings  where  they  are  connected  to  isolated  segments.  Fitm 
these  segments  the  current  of  the  two  coils  is  taken  off  by 
brushes  arranged  horizontally  and  in  connection  with  contd 
spring  bands,  which  lead  it  to  the  binding  screws,  from 
which  it  passes  into  the  external  circuit 

In  a  machine  of  this  kind  which  gives  16  arc  lights  the 
ring  is  half  a  metre  in  diameter,  and  each  of  the  8  coils  coo- 
tains  275  metres  of  cotton-covered  copper  wire  2  mm.  in  diameter,  and  «igb« 
ing  10  kg.  Each  pair  of  coils  has  a  resistance  of  \\  ohms,  and  the  electro- 
magnets have  a  resistance  of  6  ohms,  so  that  the  total  intemftl  resistance  is 
12  ohms. 

In  any  such  machines,  the  strength  of  the  current  which  it  produces  i> 
proportional  to  the  strength  of  the  magnetic  field,  and  with  a  given  armaiurt 
to  the  speed  of  rotation,  or  to  the  number  of  lines  of  force  cut  in  a  gi^€> 
time  (826) ;  and  is  inversely  as  the  resistance  of  the  circuit  The  strenirth 
of  the  magnetic  field  in  a  ma<]jncto  machine  depends  on  the  strength  of  il* 
permanent  magnets  which  form  the  field,  and  when  these  are  electromagnets 
and  are  separately  excited,  on  the  strength  of  the  magnets  by  which  the)*  ait 
excited.  With  dynamo  machines  the  strength  of  the  field  magnets  is  a  fafl^"* 
tion  of  the  current  which  it  itself  produces  in  the  coils  of  the  electromagnt^' 
and  the  strength  of  this  current  depends  on  the  resistance  of  the  circuit  the 
external  part  of  which  is  liable  to  frequent  variations  from  accidental  causes 
Hence  dynamo  machines  arc  more  irregular  in  their  action  than  majnieto 
machines,  which  are  therefore  to  be  preferred  where  steadiness  is  requireii- 
With  both  classes  of  machines  the  most  favourable  results  are  obiair-e- 
with  the  larger  sizes. 


Fig.  849. 
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^art  flDorc  ytxftd  tltaa  likosc  far  ^uQuun^?^  Sgikt :  fer  viiflc  over  90  P^ 
oeoL  of  tlieiDCsdiasicalp&scriseca^QcaKszz^feciii  of  canenc.  only  about 
haM^  diat  vfuds » tnmsoaiiied  10  :^e  n^a-ILiiir  aoptaxs  m  the  dectrkal 
arc 

F<ir  electrodes  of  a  drfrnmr  mjrrrSa"  xccc  ar  a  definite  distance  apart, 
asd  imder  the  ordixDajy  a,i<TMisjM>iek  pecsscre^  the  dlgnaice  of  pocentbl  is 
approximately  constant.  The  pnidacr  cc  c^aercsice  of  pocestia]  into  the 
atrreot  passing,  is  the  work  developed  a  tbearc  az&d  the  ratio  of  this,  totbe 
mechanical  potrer  erpendcd  m  di iiia^  the  -Tarhrnr,  ts  the  rgUutuy  tfthi 
electrical  arc. 

Comparing  together  the  leiatiTe  cosis  of  prodadng  a  certain  degree  of 
iUtsmination — a,  by  means  of  gas ;  b,  by  dx  eSectrkal  arc  vitb  alternatii^ 
correnu  ;  r,  by  one  vith  continnoas  cnrrents^  the  machines  for  the  prodoctioo 
of  the  last  two  being  worked  by  a  gas-engine — it  was  fbond  that  the  ratio 
was  as  1 16  :  62  : 1 5  ;  «-hen  the  marhinr  was  heated  by  coal  instead  of  gas 
the  cost  was  as  116  :  50 :  10.  it  being  assnrnrd  that  foor  poonds  of  coal  pro- 
dticed  one  horse-power  per  hoar.  The  actual  cost  of  lifting  the  British 
Museum  with  a  light  representii^  iSySoo  candles  was  six  shillings  an  boor, 
of  which  the  carbons  cost  nearly  one-hall  The  dieapening  of  the  electrical 
light  is  in  great  measure  a  question  of  dieapening  the  carbons. 

Hopkinson  gives  the  foDowii^  ilhistration  of  the  Imninous  effect  produced 
by  converting  energy  into  heat  in  a  closed  space.  One  hmxired  and  tventv 
feet  fA  what  is  called  1 5-candle  gas  (509  produce  a  light  of  560  standard  candles 
for  an  hour.  The  heat  produced  in  this  combustion  is  equivalent  to  about  t)0 
millions  of  foot-pounds  ^484  .  If  this  gas  be  burned  in  a  gas-engine  '476  aboct 
8  million  foot-pounds  of  work  will  be  done  outside  the  engine,  or  4  horse- 
power for  an  hour  ^472".  This  power  is  sufficient  to  drive  an  A  rirammc 
machine  for  an  hour  ;  the  amount  of  energy  which  is  converted  into  correni 
is  6,400,000  foot-pounds,  of  which  about  one-half,  or  3,200,000,  appear  in  the 
form  of  energy  in  the  electric  arc.  Viewed  horizontally  this  radiates  a  ligfc^ 
of  2,000  candles,  and  two  or  three  times  as  much  when  newed  from  bclo». 
Hence  about  3  million  foot-pounds  changed  into  heat  in  the  electric  arc  viD 
affect  our  eyes  six  times  as  powerfully  as  60  millions  changed  into  heat  in  1 
gas  burner. 

Both  for  arc  and  incandescent  lamps  the  relative  efficienc>'  is  greater  ibe 
higher  the  illuminating  power.  Thus  with  a  Swan  lamp  of  16  candles  the 
work  required  for  each  candle-power  is  44  kgm.,  or  272  candles  for  a  horse 
power,  while  with  a  32 -candle  lamp  the  number  of  candles  equivalent  to  a 
horse-power  is  415. 

Although  the  temperature  of  the  electric  arc  is  exceedingly  high  (838  ,>ti 
from  the  small  amount  of  radiating  surface  the  heating  effect  is  far  less  than 
that  produced  by  other  sources  of  equal  illumination.  Thus  Siemens  found 
that  an  electric  arc  light  of  4,000  candles  radiated  142-5  thermal  units  in  a 
minute,  while  to  produce  this  light  by  gas  would  require  2cx>  Argand  burners, 
which  would  emit  1 5,000  units,  or  over  a  hundred  times  as  much.  So  too  it 
has  been  found  that  incandescent  lamps  produce  less  than  five  per  cent  of 
the  heat  from  other  sources  of  equal  intensity. 

Siemens  made  a  series  of  experiments  on  the  influence  of  the  electrua' 
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light  on  vegetation.  The  light  was  produced  by  a  dynamo-electrical  machine 
l>f  his  construction,  and  was  equal  in  illuminating  power  to  1,400  candles.  Of 
k  series  of  four  sets  of  quickly  growing  plants  in  pots,  such  as  mustard,  beans, 
Ike,  one  set  was  left  in  the  dark,  and  two  other  sets  were  exposed  to  the  action 
of  the  daylight  and  of  the  electric  light  separately  ;  while  the  fourth  was  ex- 
|iosed  to  the  joint  action  of  the  two  lights.  The  first  set  sowed  withered  and 
died  ;  those  exposed  to  the  electric  light  grew  and  flourished,  but  not  so  vigo- 
rously as  those  exposed  to  daylight  alone  ;  there  was,  however,  a  marked  im- 
provement in  the  case  of  those  which  had  been  exposed  to  the  conjoint  action 
&f  both  lights  :  they  showed  the  most  vigorous  growth.  Plants  did  not  seem 
to  require  a  period  of  repose,  but  made  increased  and  vigorous  progress  if 
lubjected  at  daytime  to  sunlight,  and  by  night  to  the  electric  light. 
*  The  electric  light  is  beneficial  not  merely  to  such  plants  as  the  above, 
bat  also  in  promoting  the  formation  of  aromatic  and  saccharine  substances 
l>o  which  the  ripening  of  fruits  depends  ;  this  was  well  seen  in  some  experi- 
Rnents  in  which  early  strawberries  were  forced, 

Abney  found  that  the  luminosity  and  also  the  actinic  action  of  the  light 
i|iroduccd  by  the  electric  arc  increased  more  rapidly  than  in  direct  ratio  to 
the  velocity  of  rotation,  and  the  horse-power  required  to  produce  it.  This 
increase  was  slowest  for  red  light,  more  rapid  with  blue,  and  most  rapid  of 
9X\  with  the  actinic  action.  With  a  speed  of  565  rotations,  and  an  expendi- 
ture of  9  hors«*powcr,  the  actinic  action  was  equal  to  that  of  1 1,000  candles. 

Cohn  found  that  the  electrical  light  is  more  favourable  for  the  pure  per- 
ception of  colour  than  any  other  light  of  equal  luminosity. 

It  is  probable  that  the  temperature  which  can  be  produced  by  the  oxy- 
iydrogen  flame  is  limited  and  has  been  already  reached,  and  that  we  must 
look  to  the  electrical  arc  for  the  production  of  higher  temperatures  than 
Ibo^  at  which  carlxinic  acid  and  water  are  decomposed.  Direct  experi- 
inenis  by  Siemens  with  the  electrical  arc  show  not  only  that  it  produces  a 
Very  high  temperature  within  a  contracted  space,  but  also  that  it  will  con- 
veniently and  economically  produce  such  larger  eflfects  as  will  render  it 
useful  for  many  purposes  in  the  arts,  like  the  fusion  of  platinum  and  steel. 
Wc  constructed  an  arrangement  by  which  the  electric  arc  was  formed  within 
^  crucible  made  of  the  most  refractor)*  materials  ;  the  one  electrode  passed 
Ihrough  the  bottom  of  the  crucible  and  the  other  through  the  lid,  and  there 
W9M  an  arrangement  by  which  the  distance  of  the  electrodes  could  be  auta»j 
^ui^cally  nrgulated  ;  another  important  point  was  to  constitute  the  posN 
tf«  pole  of  the  material  to  be  fused,  as  it  is  at  this  pole  that  the  heat 
^  pritidpatly  developed,  A  dynamo  machine  capable  of  producing  a  current 
^  j[&  mmp^es,  and  which  produces  a  light  equal  to  6,000  candles,  fused  a 
blofmiime  of  steel  within  half  an  hour.  Siemens  calculated  that  the  heat 
bltis  famacc  represented  \  of  the  horsc-fM>wcr  expended  in  working  the 
{toadibie ;  and  as  a  good  engine  only  utilises  about  \  of  the  combustible 
hiloe  of  the  coal  employed  in  working  it,  it  follows  that  the  electrical 
pimace  iitiiises  -^  of  the  energy  residing  in  the  fuel  under  the  engine.  The 
liectrkal  liimacc  is  theoretically  more  economical  than  the  ordinary  air 
faniaces^ 

9KM.  Sleotrloftl  trA&smlAslaa  of  power* — When  a  magneto  or  dynamo 
is  coupled  up  with  a  second  one,  i-n  working  the  first  the  second 
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is  put  in  rotation,  and  in  a  direction  opposed  to  that  of  the  first.  Two  such 
machines  coupled  in  this  way  are  called  the  generator  and  the  tmotar.  This 
motor  may  be  geared  up  with  any  machine,  such  as  a  saw  wheel,  a  lathe,  or 
a  pump,  which  is  thereby  made  to  do  its  special  work.  On  this  depends 
the  possibility  of  transmitting  by  electricity  to  great  distances  power  from  i 
common  centre,  and  of  thereby  utilising  natural  sources  of  power,  such  as 
waterfalls,  windmills,  and  the  like. 

The  efficiency  of  any  magneto  machine,  as  we  have  seen,  is  the  ratio  of 
the  energy  w'  developed  in  the  machine  to  the  mechanical  power  w^  expended 
in  producing  it  Apart  from  friction,  more  than  90  per  cent,  of  the  power 
can  be  thus  converted ;  if  such  a  machine  works  on  short  circuit  the  idiok 
of  this  energy  would  appear  as  heat ;  when  external  work  is  dooe,  such  as  in 
producing  the  electric  light,  the  energy  is  shared  between  the  various  parts  of 
the  circuit,  and  the  amount  of  this  energy  in  any  part  can  be  easily  obtained 
if  we  know  the  fall  of  potential  between  the  part  in  question  and  the  concnt 
which  is  passing. 

When  a  motor  is  connected  with  a  generator  at  work,  the  former  b  set 

in  motion,  and  in  a  direction  opposed  to  that  of  the  generator ;  it  thereby 

developes  an  electromotive  force  ^,  opposed  to  that  of  the  generator  £• 

£  I 
The  total  work  w  of  the  generator  in  unit  time  is  —  ^  horse^power.    Part  of 

this  work  appears  in  the  heating  of  the  conducting  wires,  and  the  rest  in  the 

form  of  the  energy  of  the  motor  w',  which  is    ^  h.p.,  where  e  is  the  differ- 

740 

ence  of  potentials  at  the  two  terminals  of  the  machine.    The  ratio  -"'-  - 1  • 

that  iS)  the  work  of  the  motor,  is  to  that  of  the  generator,  in  the  ratio  of  their 
•electromotive  forces,  in  other  words,  to  the  differences  of  potentiab  at  the  re- 
spective terminals.  In  practice  the  best  condition  of  working  is  to  arrange 
«o  that  the  generator  has  twice  the  electromotive  force  of  the  motor,  the 
current  being,  of  course,  the  same  in  each. 

In  some  experiments  as  much  as  4^  horse-power  has  been  electrical!)' 
transmitted  through  eight  miles  of  an  ordinary  galvanised  iron  telegraph  line 
4  mm.  in  diameter,  and  with  an  efficiency  of  over  30  per  cent  of  the 
mechanical  power  employed. 

The  magneto-electrical  machine  has  been  applied  to  propelling  car- 
riages along  a  railway.  A  narrow-gauge  railway  was  laid  down,  and  upon 
this  a  train  of  three  or  four  carriages  was  laid,  and  on  the  first  of  these 
a  medium-sized  dynamo  machine,  so  fixed  and  connected  with  the  axle  di 
one  pair  of  wheels  as  to  give  motion  to  the  same.  The  two  rails,  being  laid 
upon  wooden  sleepers,  were  sufficiently  insulated  to  serve  for  electrical  con- 
ductors. Between  the  two  rails  a  bar  of  iron  was  fixed  on  wooden  supports, 
through  which  the  current  was  conveyed  to  the  train  by  brushes  fixed  to  the 
driving  carriage,  while  the  return  circuit  was  completed  through  the  rails. 
At  the  station  the  centre  bar  and  rails  were  electrically  connected  with 
the  poles  of  a  dynamo  machine  like  that  on  the  carriage,  and  which  ins 
worked  from  a  fixed  steam-engine  on  the  ground.  The  magneto  machine 
exerted  5  horse-power,  and  it  travelled  with  a  velocity  of  15  to  20  mik* 
an  hour. 


^i 


Inductonum.     Ruhmkorff's  Coil, 


8Sr 


I    Another  application  is  to  what  is  called  telpherage^  by  which  is  meant 
means  of  propelling  light  carnages  or  buckets  along  a  single  metal  rope 

rod,  sup|>ortcd  on  posts  at  some  height  above  the  ground.     A  working 
le  biis  been  already  constructed  and  used  with  success,  and  this  method  of 

trical  haulage  will  probably  be  of  great  service  in  conveying  minerals  in 

lOntainous  countries,  from  the  facility  with  which  it  can  be  constructed  on 
icvcn   ground,  and  particularly  in  those  cases  in  which  water  supply  is 
Iratlablc. 

92 1.  SndaotortiuD*  Baliinkorirs  ooiL — These  are  arrangements  for 
roducing  induced  currents,  in  which  a  current  is  induced  by  the  action  of 
\  electric  current,  whose  circuit  is  alternately  opened  and  closed  in  rapid 
iccession.  These  instruments,  known  as  inductoriums^  or  induction  coils^ 
hesenc  considerable  variety  in  their  construction,  but  all  consist  essentially 
a  hollow  q^'linder  in  which  is  a  bar  of  soft  iron,  or  bundle  of  iron  wires, 
ith  rwo  helices  coiled  round  it^  one  connected  with  the  poles  of  a  battery, 
1^  cuTTcnt  of  which  is  alternately  opened  and  closed  by  a  self-acting  arrange- 
^i,  and  the  other  serving  for  the  development  of  the  induced  current.  By 
le^ns  of  these  apparatus,  and  with  a  current  of  three  or  four  Grove's  cells, 
^ical,  chemical,  and  physiological  effects  are  produced  equal  and  superior  I 

those  obtainable  with  electrical  machines  and  even  the  most  p>owerful 
tydesi  batteries. 

r  Of  all  the  forms  those  constructed  by  RuhmkorflT  arc  the  most  powcrful. 
K.  8$o  is  a  representation  of  one,  the  coil  of  which  is  about  14  inches  in 

^^  B 


rig,  isa. 

wth.     The  primary  or  indudnj^  wire  is  of  copper,  and  is  about  2  mm.  in 
Btcr,  and  40  or  50  ynrds  in  length.     It  is  coiled  directly  f>n  a  rylindcr  of 
Ifllyaafd,  which  fonns  the  nucleus  of  the  apparatus,  and  1  I  in  an  in« 

Uta^  cylinder  of  glass,  or  of  caoutchouc.    On  these  is  n  ccomiary 

fytdMcrd  wire,  which  ts  also  of  copper,  and  is  about  J  mm»  in  diameter* 
pfval  fioiitt  m  these  apparatus  is  the  insulation*  The  wires  are  not  merely 
itfaied  by  being  in  the  first  case  covered  with  silk,  but  each  individual 
II  is  icpGinited  from  the  rest  by  a  layer  of  melted  shellac.  The  length  of 
Mooadary  wire  varies  greatly  :  in  the  largest  siie  hitherto  made,  that  of 
"^r — 'tT^woode,  it  is  as  much  as  280  miles.  With  these  great  Jcngibs  the 
nner*  about  \  mm.  The  thinner  and  longer  the  wire  the  higher 
potgitttal  €>f  the  induced  electricity. 

It 
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The  following  is  the  working  of  the  apparatus  : — The  current  arrhrisg  by 
the  wire  P  at  a  binding  screw,  a,  passes  thence  in  the  commutator  C,  to  be 
afterwards  described  (f:g.  853),  thence  by  the  binding  screw  b  it  enters  the 
primary  wire,  where  it  acts  inductively  on  the  secondary  wire  ;  having  tra- 
versed the  primary  wire,  it  emerges  by  the  wire  s  (fig.  851).  Following  the 
direction  of  the  arrows,  it  will  be  seen  that  the  ciflrrent  ascends  in  the 
binding  screw  1,  reaches  an  oscillating  piece  of  iron,  ^,  called  the  hammn^ 
descends  by  the  anvil  A,  and  passes  into  a  copper  plate,  K,  which  takes  it 
to  the  commutator  C.  It  goes  from  there  to  the  binding  screw  ^  and 
finally  to  the  negative  pole  of  the  battery  by  the  wire  N. 

The  current  in  the  primary  wire  only  acts  inductively  on  the  secondary 
wire  (901),  when  it  opens  or  closes,  and  hence  must  be  constantly  in- 
terrupted. This  is  effected  by  means  of  the  oscillating  hammer  o  {fL%,  %%\\ 
In  the  centre  of  the  bobbin  is  a  bundle  of  soft  iron  wires,  forming  together  a 
cylinder  a  little  longer  than  the  bobbin,  and  thus  projecting  at  the  end  as 
seen  at  A.  When  the  current  passes  in  the  primary  wire  this  hanuner, «, 
is  attracted  ;  but  immediately,  there  being  no  contact  between  o  and  k,  the 
current  is  broken,  the  magnetisation  ceases,  and  the  hammer  falls ;  the 
current  again  passing,  the  same  series  of  phenomena  recommences,  so  that 
the  hammer  oscillates  with  great  rapidity. 

922.  Condenser. — In  proportion  as  the  current  passes  thus  intennittentij 
in  the  primary  wire  of  the  bobbin,  an  induced  current,  alternately  direct 

and  inverse,  is  produced  at  each 
interruption  in  the  secondary  wire. 
But  as  this  is  perfectly  insulated    1 
the  induced  current  requires  such  a  t^ 
strength  as  to  produce  very  power- 
ful effects.     Fizeau  increased  this 
strength  still  more  by  interposing 
a  condenser  in  the  primary  circuit 
This  condenser  (fig.  852),  cfM- 
sists  of  sheets  of  tinfoil  placed  o^-er 
^f^^^L_JZ^_^^  _-  -  ^^^^^^Bt       c^ch  other  and  insulated  by  larjer 
4m    _  ^^^^       sheets  of  stout  paper,  v,  soaked  0 

paraffine  or  resin.  The  sheets  d 
tinfoil  project  at  the  end  of  the 
paper,  one  set  at  s  s'  s'\  and  the  other  at  the  other  end,  at  e  e*  /",  so  thai 
when  joined  by  a  binding  screw  the  odd  numbers  form  one  coating  of  * 
condenser,  and  the  even  numbers  the  other  coating.  In  large  condensers* 
the  surface  of  each  condenser  is  as  much  as  75  square  yards.  The  whole 
being  placed  in  a  box  at  the  base  of  the  api)aratus,  one  of  the  coatfOjTv 
the  positive,  is  connected  with  the  binding  screw  1,  which  receives  the 
current  on  emerging  from  the  bobbin  ;  and  the  other,  the  negati\'e,  is  «•* 
nected  with  the  binding  screw  »i,  which  communicates  by  the  plate  K  iritfc 
the  commutator  C,  and  with  the  battery. 

To  understand  the  effect  of  the  condenser,  it  must  be  observed  that  i.' 
each  break  of  the  inducing  current  an  extra  current  is  produced  in  the  stfK 
direction,  which,  continuing  in  a  certain  manner,  prolongs  its  duration.  ^^ 
is  this  extra  current  which  produces  the  spark  that  passes  at  each  breik 


Fig.  851. 
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betw^ecn  the  hammer  and  the  anvil  ;  when  the  current  is  strong  this  spark 
rapidly  alters  the  surface  of  the  hammer  and  ao\'ily  though  they  are  of 
platinum.       By    interposing  ^ 

the  condenser  in  the  inducing  *" 

circuity  the  extra  current,  in- 
stead of  producing  so  strong 
a  spark,  pa&se^  into  the 
condenser  —  the  positive 
electricity  in  the  coating 
connected  with  j,  and  the 
n^ative  in  that  connected 
with  m.  But  the  opposite  electricities  combining^uickly  by  the  thick  wire  of 
the  primar>'  coil,  by  the  battery,  and  thejcircuit  C  K//t,  give  rise  to  a  current 
contrary  to  that  of  the  battery,  which  instantaneously  demagnetises  the 
bundle  of  soft  iron  :  the  induced  current  is  thus  shorter  and  more  intense. 
The  binding  screws  m  and  if  on  the  base  of  the  apparatus  are  for  receiving 
thts  extra  current 

Tlie  commHtator  or  key  serves  to  break  contact  or  send  the  current  in 
either  direction*  The  section  in  fig.  853  is  entirely  of  brass,  excepting  the 
core.  A,  which  is  of  ebonite  \  on  the  two  sides  are  two  brass  plates,  CC. 
Against  these  press  two  clastic  brass  springs,  joined  to  two  binding  screws, 
A  and  ^1  with  which  are  also  connected  the  electrodes  of  the  battery.  The 
cmrent  arriving  at  a  ascends  in  C,  thence  by  a 
•crew,  7,  it  attains  the  binding  screw  b  and  the 
bobbin  :  then  reluming  by  the  plate  K,  which 
If  connected  with  the  hammer,  the  current  goes 
10  C  by  the  screw  jr,  descends  to  c^  and  rejoins 
die  battery  by  the  wire  N.  If,  by  means  of  the 
liillad  head,  the  key  is  turned  180  degrees,  it 
m  faiay  to  see  that  exactly  the  opposite  takes 
place  \  the  current  reaches  the  hammer  by  the 
plate  K  and  emerges  at  b.     If,  lastly,  it  is  only  ^|^ 

tsmed   through  90  degrees,  the   elastic  plates  "    '  ^^^ 

test  on  llie  ebonite  A  instead  of  on  the  plate  ' 

CC,  and  ihe  current  is  broken* 

Tbe  two  wires  from  the  bobbin  at  0  and  &  {^g.  850)  are  the  two  ends  of 

secondary  wire*     They  are  connected  with  the  thicker  wires  P  P',  so 

tlie  current  can  be  sent  in  any  desired  direction.     With  large  coils  the 

ler  cannot  be  used,  for  the  surfaces  become  so  much  heated  as  to  melt, 

Foucault  invented  a  mercury  contact-breaker  whicli  is  free  from  this 

tnlcnce,  and  which  is  an  important  improvement. 

9tJ.  WM%^ttM  produood  by  &iiiuakorff'»  e9tl.—The  high  potential  of 
<te  dtctricity  of  induction  coils  has  long  been  known,  and  many  luminous 
and  heating  effects  have  been  obtained  b>'  their  means.  Bat  it  is  only 
aiiice  tbe  improvements  which  Ruhmkorff  introduced  into  his  coil,  that 
ii  bas  been  possible  to  utilise  all  tbe  potential  of  induced  currents,  and  to 
abo»  thai  these  currents  possess  powerful  statical  as  welt  as  dynamical 

lodaced  currents  arc  produced  in  the  coil  at  each  opening  and  breaking 
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of  contact  But  these  currents  are  not  equal  either  in  duration  or  in 
potential.  The  direct  current,  or  that  on  openings  is  of  shorter  duration,  bat 
higher  potential ;  that  of  closing  of  longer  duration,  but  lower  potential 
Hence  if  the  two  ends  P  and  P^  of  the  fine  wire  (figs.  850  and  851)  are  con- 
nected, as  there  are  two  equal  and  contrary  quantities  of  electricity  in  tbe 
wire  the  two  currents  neutralise  each  other.  If  a  galvanometer  is  placed  in 
the  circuit,  only  a  very  feeble  deflection  is  produced  in  the  direction  of  the 
direct  current.  This  is  not  the  case  if  the  two  ends  P  and  P'  of  the  wire  arc 
separated.  As  the  resistance  of  the  air  is  then  opposed  to  the  passage  of  the 
currents,  that  which  has  highest  potential — that  is,  the  direct  one — passes  is 
excess,  and  the  more  so  the  greater  the  distance  of  P  and  P'  up  to  a  certain 
limit  at  which  neither  passes.  There  are  then  at  P  and  P'  nothing  bet 
potentials  which  are  alternately  contrary. 

The  physiological  effects  of  RuhmkorfTs  coil  are  very  powerful ;  in  izxx 
Shocks  are  so  violent  that  many  experimenters  have  been  suddenly  pros- 
trated by  them.  A  rabbit  may  be  killed  with  two  of  Bunsen's  elements,  and 
a  somewhat  larger  number  of  couples  would  kill  a  man. 

The  calorific  effects  are  also  easily  observed ;  it  is  simply  necessan-  to 
interpose  a  very  fine  iron  wire  between  the  two  ends  P  and  P'  of  the  induced 
wire ;  this  iron  wire  is  immediately  melted,  and  bums  with  a  bright  light 
A  curious  phenomenon  may  here  be  observed,  namely,  that  when  each  di 
the  wires  P  and  P'  terminates  in  a  very  fine  iron  wire,  and  these  two  are 
brought  near  each  other,  the  wire  corresponding  to  the  negative  pole  alooc 
melts,  showing  that  its  temperature  is  higher. 

The  chemical  effects  are  very  varied  ;  thus,  according  to  the  shape  and 
distance  of  the  platinum  electrodes  immersed  in  water,  and  to  the  degr«  d 
acidulation  of  the  water,  either  luminous  effects  may  be  produced  in  vatc: 
without  decomposition,  or  the  water  may  be  decomposed  and  the  mix^i 
gases  disengaged  at  the  two  poles,  or  the  decomposition  may  take  place,  and 
the  mixed  gases  separate  either  at  a  single  pole  or  at  both  poles. 

Gases  may  also  be  decomposed  or  combined  by  the  continued  action  ^f 
the  spark  from  the  coil.    If  the  current  of  a  RuhmkortT* 
/?^*^N  coil  be  passed  through  an  hermetically  sealed  tube  con- 

^  taining  air,  as  shown  in  fig.  854,  nitrogen  and  oxyi^n 

combine  to  form  nitrous  acid. 

The  luminous  effects  of  RuhmkorfTs  coil  arc  a!>' 
very  remarkable,  and  vary  according  as  they  t.ikc  pli^^ 
in  air,  in  vapour,  or  in  ver>'  rarefied  vapours.  In  air  tht 
coil  produces  a  very  bright  loud  spark,  which,  with  the 
largest  sized  coil  hitherto  made,  that  of  Mr.  Spottxswo*xx 
has  a  length  of  42  inches.  In  vacuo  the  effects  art  x.^"" 
remarkable.  The  experiment  is  made  by  conncainj,'  the 
two  wires  of  the  coil  P  and  P'  with  the  two  rodsofih^ 
electric  Q^g  (fig.  684)  used  for  producing  in  vacuo  the 
luminous  effects  of  the  electrical  machine.  Exhaust^a 
having  been  produced  up  to  i  or  2  millimetres, a  beat:- 
ful  luminous  trail  is  produced  from  one  knob  to  the  other,  which  is  viriiu^^ 
constant,  and  has  the  same  intensity  as  that  obtained  with  .1  powertL 
electrical  machine  when  the  plate  is  rapidly  turned.     This  expcrimf:  '^ 


Fig.  85.». 
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sbo^n  in  ligs.  859  and  860.  Fig,  858  represents  a  remarkable  deviation  which 
Ight  undergoes  when  the  hand  is  presented  to  the  ^%%, 

llic  positive  pole  of  the  current  shows  the  greatest  brilliancy  ;  its  light 
is  of  a  fiery  red,  while  that  of  the  negative  pole  is  of  a  feeble  violet  colour  ; 
moreover,  the  latter  extends  along  all  the  length  of  the  negative  rod,  which 
ii  oot  the  case  with  the  positive  pole. 

The  coil  also  produces  mechanical  effects  so  powerful  that,  with  the  largest 
lliparmtus,  glass  plates  two  inches  thick  have  been  perforated.  This  resutt, 
liowever,  is  not  obtained  by  a  single  charge,  but  by  several  successive  charges. 

The  experiment  is  arranged  as  shown  in  fig,  855.  The  two  poles  of  the 
induced  nurent  correspond  to  the  binding  screws  a  and  b  \  by  means  of  a 


Fi«,  855. 

wire,  the  pole  a  is  connected  with  the  lower  part  of  an  apparatus  for 
glass  like  that  already  described  (fig,  690) ;  the  other  pole  is  attached 
the  other  conductor  by  a  wire,  d,  Tlie  latter  is  insulated  in  a  large 
Cobe,  r,  filled  with  shellac,  which  is  run  in  while  in  a  state  of  fusion. 
ten  the  two  conductors  is  the  glass  to  be  perforated,  V.  When  this 
»ents  loo  great  a  resistance,  there  is  danger  lest  the  spark  pass  in  the  coil 
Hielf,  perforating  the  insulating  layers  which  separate  the  wires,  and  then 
the  coil  vk  destroyed.  To  avoid  this,  two  wires,  e  and  c^  connect  the  poles  of 
Ihfi  coil  with  two  metallic  rods  whose  distance  from  each  other  can  be  regu* 
If  then  the  spark  cannot  penetrate  through  the  glass,  it  strikes  acfoss, 
the  coil  is  not  injured. 
The  coil  can  also  be  used  to  charge  Leydcn  jars.  With  a  large  coil 
giving  sparks  of  6  to  8  inches^  and  using  6  Bunsen's  elements  with  a  targe 
Ruhmkorflf  charged  large  batteries  of  6  jar^  each,  having  about  3 
yards  of  coated  surface. 
The  experiment  with  a  single  Leydcn  jar  (fig.  $56)  is  made  as  follows : — 
Hie  coatings  of  the  latter  are  in  connection  with  the  poles  of  the  coil  by 
the  ^res  d  and  /,  and  these  same  poles  are  also  connected,  by  means  of 
the  wires  e  and  c^  with  the  two  horizontal  rods  of  a  universal  discharger 
(fig.  €/^y  The  jar  is  then  being  constantly  charged  by  the  wires  1  and  4 
in  one  direction  and  sometimes  in  another,  and  as  constantly 
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sparks  two  or  three  inches  in  length,  very  luminous,  and  prodadng  a  dcflib- 
ing  sound  ;  ihey  can  scarcely  be  compared  with  the  sparks  of  the  clectnoi 
machine,  but  are  rather  true  lightning  flashes. 


Fig.  Ssd. 

To  charge  a  battery,  the  form  of  the  expcnment 
outer  coating  being  connected  with  one  pole  of  the  toil 
the  inner  coating  with  the  other  by  the  rods  m  i»,  and  li; 
The  rods  m  and  n  are  not,  however,  in  contact     If  they  i 


currents,  the  inverse  and  direct,  pass  equally—the  batteiy  wodd  i*  ^ 
constantly  charged  and  discharged  ;  while  from  the  distance  tieti»ePO  •*^ 
H  the  direct  current,  that  of  breaking,  which  has  ht|;l>er  potentkl,  pi"" 
alone,  and  it  is  this  which  charges  the  battery. 

924.  StratiaomflOB  of  the  aleotrle  tirbt.— Quet  obsenwd*  in  iMK 

i-Ihe  electric  light  which  RuhmkorflT's  coll  gives  in  \  vicntim,  tNt  if  i8l** 

the  vapour  of  turpentine^  wood  spirit,  alcohol,  or  bistilphkit  of  cattov  fc 

he  introduced  into  the  vessel  before  exhaust ioih  the  «9ptct  flf  the  ^t^  * 
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ftotaOy  modified.  It  appears  then  like  a  scries  of  alternately  bright  and  dark 
bones,  forming  a  pile  of  electric  light  betw^cen  the  two  poles  (fig.  859)» 
^  In  this  experiment  it  follows,  from  the  discontinuity  of  the  current  of 
Inctciction,  that  the  light  is  not  continuous^  but  consists  of  a  series  of  dis> 
charges  which  are  nearer  each  other  in  proportion  as  the  hammer  o  (fig,  851) 
bsciJlates  more  rapidly.  The  zones  appear  to  possess  a  rapid  gyratory^and 
bndtUatory  motion.  Quet  considers  this  as  an  optical  illusion ;  for  if  the 
hantmer  is  slowly  moved  by  the  hand^  the  zones  appear  very  distinct  and 

^       The  light  of  the  positive  pole  is  most  frequently  red,  and  that  of  the 
meg^uive  pole  violet   The  tint  varies,  however^  with  the  vapour  or  gas  in  the 
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9^5,  0«totler's  tii1i««. — Ttte  brilliancy  and  beauty  of  the  strati  Bcatio 
electric  light  are  most  rem»irkable  when  the  dischaigc  of  the  Ruhn 
coil  takes  place  in  glass  tubes  containing  a  highly  rarefied  vapour 
These  phenomena,  which  were  originally  investigated  by  (jasaiott,  a 
liiccd  by  means  of  sealed  glass  tubes  first  constructed  by  (Teissier,  of 
and  generally  known  as  GeiuUr^s  tubes,     T!-*  ♦"*—    ^•*-  ^'tUrJ  with 
gates  or  vapours,  and  are  then  eithaustcd,  does 

lot  exceed  half  a  millimetre.    At  the  ends  of  the  tuors  two  |H.tuuLiii)  wires 
soldered  ioto  the  glass. 
Wlicii  the  two  platinum  wires  are  connected  with  the  end«  of  a  Ruhm- 


korff  coil  ma^ificent  lustrous  striae,  separated  by  dark  bands,  are  f 
all  through  the  tube.     These  striic  vary  in  shape,  colour,  and  lustrr 
degree  of  the  vacuum,  the  nature  of  the  gas  or  vapour,  and  the  dii 
of  the  tube.     The  phenomenon  has  occasionally  a  still  more  brini^Liii  ^.j^.. 
from  the  fluorescence  which  the  electric  discharge  excites  in  the  gla&s. 

Fig.  86 1  shows  the  striae  in  carbonic  acid  under  a  quarter  of  a  mtlJTngfir 
pressure  ;  the  colour  is  greenishi  and  the  stride  have  not  the  same  Ibna  u 
hydrogen.     In  nitrogen  the  light  is  orange-yellow. 

Pliicker  found  that  the  light  in  a  Geisslcr's  tube  did  not  depend  ob  iftt 
substance  of  the  electrodes^  but  simply  on  the  nature  of  the  gas  or  Kafocr 
iu  the  tube.     He  found  that  the  lights  furnished  by  hydrogen,   nHiii|(0« 
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carbonic  oxide,  &c.,  give  diflferenl  spectra  when  they  are  decow^atiA  kf 
a  prism.  The  discharge  of  the  coil  which  passes  throttgh  a  htgiilf  fanM 
gas  would  not  pass  through  a  perfect  vacuum,  from  which  it  follows  tbMt^ 
presence  of  a  ponderable  substance  is  absolutely  necessar)'  for  tbe  fMSiV' 
of  electricity. 

By  the  aid  of  a  powerful  magnet  Pliicker  tried  the  action  of  txiagcftisB 
on  the  electric  discharge  in  a  Geisslcr's  tube,  as  Davy  had  done  with  cic 
ordinary  voltaic  arc,  and  obtained  many  ctiricc 
results,  one  of  which  may  be  mentioned.  He  iood 
that  where  the  discharge  is  perpendlcolftrlatbelae 
of  the  poles^  it  is  separated  into  two  dbdoct  ptf^ 
which  can  be  referred  to  the  differciH  ^ctloQ  &e^ 
by  the  electromagnet  on  the  two  extra  attfCBttp^ 
duced  in  the  discharge. 

The  light  of  Geissler^  tubes  has  been  affi*' 
to  medic.^l  purposes.  A  long  ctpilliff  l^  ^ 
soldered  to  two  bulbs  provided  with  pladaoni  vti*  ^ 
ihis  tube  is  bent  in  the  middle,  so  tlitt  lie  fvt 
branches  touch,  and  their  extremities  ar 
as  shown  at  a  (fig.  862).  This  tube  coobuni  a  I 
rarefied  gas^  like  those  pre\ioasly  deacnkN 
when  the  discharge  passes  a  light  is  produced  at  a,  bri^t  eoomtli 
minate  any  cavity  of  the  body  mto  which  the  tube  is  intfoducrd. 
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De  la  Rue  and  MiiUers  Experiments, 

<pJb,  I»e  la  &ne  and  MuUer's  expertments. — These  pbysicbts  have 
kiade  a  vcr>^  extensive  and  elalxtrate  series  of  experiments  on  the  stratifica- 
ion  of  the  cJectric  light  by  means  of  the  currents  produced  by  their  battery^ 
Bi2),  They  employed  for  some  of  these  experiments  as  many  as  14,400 
kHs,  which  is  by  far  the  most  powerful  battery  ever  put  together.  It  is 
mpossible  to  attempt  here  even  a  condensed  account  of  these  experiments  ; 
tnit  the  following,  which  are  some  of  the  results  obtained,  may  be  mentioned. 

The  discharge  in  a  vacuum  tube  is  essentially  of  the  same  nature  as  that 
rhich  takes  place  in  gases  under  the  ordinary  atmospheric  pressure,  A 
racuum  tube  was  interposed  in  the  circuit  of  a  battery  of  2,400  cells,  to- 
gether with  a  ver>^  long  resistance.  It  was  found  that  the  potentials  at  the 
wo  ends  of  the  tube  are  virtually  the  same  :  now  according  to  Ohm^s  law 
liere  should  be  a  fall  of  potential  along  the  entire  circuit ;  it  is  accordingly 
pQOctuded  that  the  discharge  is  not  a  current  tn  the  ordinary  sense  of  the 
^mV  but  is  disruptive,  the  electricity  being  carried  by  the  molecules  of  the 
|Ki.     At  no  degree  of  exhaustion  is  air  a  conductor* 

All  the  strata  start  from  the  positive  pole.  For  a  definite  pressure  an 
loreole  is  fonned  at  the  positive  pole  ;  with  a  diminished  pressure  this  de- 
bciies  itself,  b  succeeded  by  others,  and  so  on* 

Or?i»  of  the  most  curious  results  is  the  definite  and  stationvy  character  of 
be  ^  riven   conditions;  they  are  rernarlcabiy  permanent,  and  seem^' 

jlmr-  iicy  could  be  manipulated  ;  a  single  stratum  may  be  seen  fall. 

pg  down  A  tul^  like  a  feather  in  a  vacuum,  or  like  a  drop  of  w^atcr.     ThcyJ 
re  not  produced  in  the  same  way  as  drops  falling,  but  all  and  each  of  the 
^de  strata  are  j»o  many  Leyden  jars. 

The  (eii{^  of  the  arc  found  between  two  terminals  varies  w^ith  the  square 
ftbe  numher  of  cells  ;  thus  while  1,000  cells  give  a  spark  of  0*0051  Inclil 
Uder  ordinary  atmospheric  pressure^  11, 000  cells  give  a  spark  of  0-62  inch. 

Wth  an  increase  of  exhaustion  the  potential  necessary  to  cauiie  a  current  I 
\  pa»s  diminiibes  to  a  certain  pressure  which  represents  an  exhaustion  ofl 
aU  rnisUnce  ;  from  this  it  again  increases,  and  the  strata  thicken  and] 
fiiifit»li  in  number  until  a  point  is  readied  at  which  no  discharge  takef| 
howivmr  high  be  the  potential. 

A    '  in  the  current  often  producet  an  entire  change  in  the  colour  \ 

i  )\\  thus  in  hydrogen  the  ohange  is  from  blue  to  pink*     If  the 

gc  i*  irregular  and  the  strri  net  an  alteration  in  tile  strength' 

' llift  current  makes  the  strata  di  I  steady.     Even  when  the  strata 

B  a|ipnrently  quite  steady  and  pt^nniinvnlt  a  pulsation  may  be  detected  in 
e  current  tw  means  of  the  telephone. 

In   the  same  tube,  and  with  the  same  gas,  a  very  great  variety  of  phc- 
^mena  can  be  produced  by  var>'ing  the  pressure  and  the   current.    The ' 
Kuliar  luminosity  and  form  of  stratification  in  their  various  forms  can  be 
pTodiKcd  in  the  same  tube  or  in  others  having  similar  dimenftion&. 

Tlic  colour  of  the  discharge  in  one  and  the  same  gas  greatly  depends  on 

e  dqcree  of  rarefaaion.  The  least  resistance  to  the  discharge  in  hydrogen, 

d  wlien  its  brilliancy  is  greatest,  is  at  a  pressure  of  0*642  mm,  or  845  M 

p  b  a  very  convenient  symbol  for  the  millionth  of  an  atmosphere >*    When  ^ 

t  rarciaclion  has  attained  0002  mm.  or  3  Mt  the  discharge  only  ju%t  passes  < 

witli  a  potential  of  1 1|530  volts  ;  while  with  an  exhaustion  of  0*00005$ 
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mm.,  the  nearest  approach  to  a  perfect  vacuum  ever  attained*  laot  Only  doC» 
this  fail  to  produce  a  discharge,  but  the  i   inch  spark  of  an  inductioci] 
does  not  pass. 

Air  offers  a  greater  resistance  than  hydrogen  ;  a  spark  which  poss^ 
hydrogen  across  a  distance  of  5-6  mm.  will  only  strike  across  ^  distaoccof 
3  mm,  in  air. 

In  air  at  a  pressure  of  62  mm.,  which  corresponds  to  an  atmospberk  hei^ 
of  I2'4  miles,  the  electric  discharge  has  the  carmine  tint  so  often  seeaiatki» 
display  of  the  aurora  borealis  (991)  ;  at  a  pressure  of  1*5  mm.,  carrepdodfof 
to  a  height  of  30  96  miles,  it  is  salmon-coloured  ;  and  at  a  pressure  of  o-^mi^ 
representing  a  height  of  33*96  miles,  it  is  of  a  pale  while*  Under  a  preMVr 
of  0379  mm.  the  discharge  has  the  greatest  brillianry.  This  rcpn^coiia 
height  of  37  67  miles,  and  would  be  visible  at  a  distance  of  585  miles  ;  it  ispfo- 
bably  the  upper  limit  of  the  height,  though  on  the  other  hand  it  is  possiNetto 
the  discharge  may  sometimes  lake  place  at  a  height  of  a  few  thousanxl  iect 

927.  Crookes*B  ezperlmeatB. — Dr.  Crookes  has  made  a  remarkibte 
series  of  experiments  on  the   plirtiDMit'oa   pividiircd  when    tKr  electridJ ^ 


^^^, 


i^     i^      ^ 


tig,  it^ 

charge  is  produced  in  tubes  very  highly  exhausted,  that  \%^  bejtxid  Cht  pMtf 
at  which  the  best  effects  of  the  stratification  are  produced* 

When  the  electrical  discharge  is  passed  through  n  Geisster^  tobe  9 
which  the  exhaustion  is  as  low  as  2  mm.,  the  negative  poJ€  is  mhwm^ 
by  a  narrow  layer,  and  then  by  a  relatively  dark  blutih  tp^eOi  tte  v^^ 
the  tube  being  tilled  by  layers  of  reddish-yellow  light,  uspaambeA  bf  ^^ 
spaces  :  as  the  rarefaction  proceeds,  the  bluish  light  t  t^  vaktof* 

tain  circumstances  fills  the  entire  tube.     Wherever  1 1  irtkcf  t0^ 

the  glass  it  excites  the  brightest  fluorescence.     But  lUm  luosl 
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ire  is  that  when  the  vacuum  is  almost  complete  the  nature  of  the  phc- 
enon  changes.  The  light  now  proceeds  from  the  electrode  In  straight 
^  and  does  not  follow  any  bends  in  the  tubes.  This  rectilinear  propaga- 
Is  well  illustrated  by  the  following  experiment  of  Crookes.  In  fig.  863,  A, 
amative  pole  of  the  induction  coil,  is  connected  with  the  electrode  <t, 
h  is  made  of  aluminum,  and  forms  a  slightly  concave  mirror.  If  the 
.DStion  is  not  more  than  2  mm,  pressure,  arid  the  positive  pole  is  con* 
ed  successively  with  the  electrodes  b^  c^  d^  the  discharge  takes  place  in 
ed  lines  as  sho^^-n  in  the  figure.  But  vvhcn  the  rarefaction  is  exceed- 
r  great,  about  a  millionth  of  an  atmosphere,  the  appearance  is  that  pre- 
^  in  fig.  S63,  B>  With  whatever  electrode  the  positive  pole  is  connected, 
Tiys  proceeding  in  straight  lines  cross  in  the  focus,  and,  striking  against 
opposite  side,  excite  there  the  most  brilliant  fluorescence. 
fa  screen  of  mica  of  any  shape  be  interposed  in  the  path  of  the  rays  it 

fbc  light  on  its  path,  and  a  shadow  is  formed  at  the  other  end  of  its  own 
surrounded  by  a  bright  fluorescence. 
lie  discharge  can  also  produce  mechanical  eflects.  A  Geissler^s  tube  is 
tructed  with  a  pair  of  glass  rails  in  it,  on  which  rolls  the  axis  of  a  light 
4,  on  the  spokes  of  which  are  mica  vanes.  If  now  the  discharge  be 
#-j  -i^ninst  the  top  of  the  vanes,  the  wheel 

4  towards  the  positive  pole. 
n»:  f-x  |.Kjnmcnt  rcpre«ientcd  in  fig,  864  show^  the 
great  heal  which  the  glow  light  can  produce, 
b*  '  electrode  in  the  form  of  a  concave 

jr,  jf  platinum  foil.  With  a  sufficiently 

f  ful  jndut  Hon  coil  the  platinum  can  be  made 
*  bot  nr  ^s'^n  melted^ 

■fiost  Ijcautiful  of  these  experiments 
y  directing  tlie discharge  on  various 
.     In  these  circumstances  diamond 
f!1d  green  fluorescence^  ruby  a  brilliant 
irmine,  and  so  forth, 
ii  discharge  does  not  pass  through 
,  lu  it  fhown  by  the  following  experiment. 
I  lobe  containing  caustic  potash  is  fused  to 
ef's  tube  connected  with  a  Sprcngcl  pump. 
|im*al  exhaustion  while  the  caustic  potash  is 
emted.  as  complete  a  vacuum  as  possible  is 
T  the  tube  scaled*    Tlie  last  minute  trace  of  '  *       ' 

i  vapour  is  absorbed  by  the  caustic  potash  as  ti  cools*  ]ii  this  com- 
uutn  the  discharge,  however  strong^  no  longer  passes  ;  the  vacutim 
\  complete  non-conductor. 

&wever,  the  caustic  potash  is  gently  heated,  a  trace  of  aqu^  ^ur 

Joflf,  and  a  green  fluorescent  light  flas^hes  along  the  tube  ;  a  -  ng 

iiyed  and  the  vapour  becomes  denser  we  get  the  strati tkaiion,  until 

Jy  the  electricity  passes  along  the  lul>c  in  the  form  of  a  narrow 

ne.     If  the  tube  is  allowed  again  to  cool,  the  phenomena  rrprodui^e 

es  in  the  reverse  order. 

Dmena  here  described  are  regarded  by  Crookei  as  due  to  an 
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i///r^-gaseous  state,  which  he  calls  radiant  matter  In  gas  under  the  ordinirf 
pressure  the  average  free  path  of  a  molecule  of  air  is  0-000095  idol  ;  i&  ihe 
gas  is  more  rarefied  the  length  of  the  path  increases,  so  that  with  the  ht|t 
degrees  of  exhaustion  which  Crookes  employs  in  his  later  cxpcrimt^ 
much  as  the  one  twenty-millionth  of  an  atmosphere— the  Icngdi  of  ri 
path  is  so  much  increased  thai  its  dimensions  are  comparable  with  \h^^  •-- 
the  vessel,  and  along  with  this  increase  the  number  of  intramolecular  sbocb 
diminishes  in  a  corresponding  ratio.  It  is  to  this  condition,  in  whicii  tke 
molecules  move  forward  with  their  own  motion,  and,  striking  against  theskkv 
give  rise  to  the  fluorescence,  that  Crookes  accounts  for  the  effects  pradocid 
The  theoretical  views  to  which  Crookes  has  been  led  by  his  cxpcrimaiti 
have  met  with  a  considerable  degree  of  criticism,  and  it  must  be  added  l^ 
none  of  the  explanations  of  these  singularly  beautiful  experiments  have  net 
with  general  adoption. 

92 8.  Satatlon  of  Induced  currettts  by  snavnets. — De  la  Rjre  6efM 
an  experiment  which  shows  in  a  most  ingenious  manner  that  magnets  id  ac 
the  light  in  (Teissier's  tubes  in  accordance  with  the  laws  with  which  6»c> 
act  on  any  other  movable  conductor 

This  apparatus  consists  of  a  glass  globe  or  electrical  egg  {fig,  86s;i»  pr/ 

vided    at   one  t^ 
with  two  i 
one  of  whidic 
screwed  on  cl»| 
pump^aadtlico 
which  is  a  stQ 
like    that    of 
Lussac  (385;,  s 
to  introdocc  m  i 
drops  of  tbt 
into  the  glob&j 
the    otber 
tttbttltire     b 

wliidi  paMtti 
of  soft  lion  abQ«t 
of  an  indi  m  ^ 
meter,  Uie  top  «^ 
which  U  aboot  tk 
centre  of  the  glatv. 
Except  at  the  t»it 
ends,  this  rod  tt  i^ 
tircly  corcted  w*^ 
a  VKTf  thick  tosoli^ 
ing  layer  d  sM^ 


Fig.  865. 

tube  uniformly  coated  with  a  layer  of  wax.    Thb  I 


thai 
tobealsocoftlid^ 
sbellacv   audi 
witii 
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it  least  J  of  an*  inch  thick*  Inside  the  globe,  the  insulating  layer  is  sur- 
VDanded  at  x  with  a  copper  ring,  connected  with  a  binding  screw,  c^  by  means 
pf  a  copper  wire. 

The  vessel  having  been  exhausted  as  completely  as  possible,  a  few  drops 
rf"  ether  or  of  turpentine  are  introduced  by  means  of  the  stopcock  a  ;  it  is 
Igatn  exhausted,  so  that  the  vapour  remaining  is  highly  rarefied* 

A  thick  disc  of  soft  iron,  o^  provided  with  a  binding  screw,  is  then  placed 
one  of  the  branches  of  a  powerful  electromagnet,  and  the  end  m  of  the 
od  mn  is  placed  on  this  disc,  while  at  the  same  time  one  of  the  ends  of  the 
idary  wire  of  Rcbmkorffs  coil  is  connected  with  the  binding  screw,  c, 
4  the  other  with  the  knob  a.  If  then  the  coil  is  worked  without  setting  in 
tion  the  electromagnet,  the  electricity  of  the  wire  s  passes  to  the  top,  «,  of 
le  soft  iron  rod,  and  that  of  the  second  wire  to  the  ring  x\  and  a  more  or 
irregular  luminous  sheaf  appears  on  the  inside  of  the  globe  round  the 
as  in  the  experiment  of  the  electric  egg. 
But  if  a  voltaic  current  passes  into  the  electromagnet,  the  phenomenon 
dtfTerent  ;  instead  of  starling  from  different  points  of  the  upper  surface 
i^  and  the  ring  x,  the  light  is  condensed  and  emits  a  single  arc,  from 
1 10  .r.  Further— and  this  is  the  most  remarkable  part  of  the  experiment 
i-fhti  arc  turns  slowly  round  the  magnetised  c>*linder  mn^  sometimes  in 
lee  direction,  and  sometimes  in  another,  according  to  the  direction  of  the 
idticevl  current,  or  the  direction  of  the  magnetisation*  As  soon  as  the  magne- 
Imttion  ceases,  the  luminous  phenomenon  reverts  to  its  original  appearance. 
This  experiment  is  remarkable  as  having  been  devised  a  priori  by  I)c  la 
lire  to  explain,  by  the  influence  of  terrestrial  magnetism,  a  kind  of  rotatory 
BOllon,  from  cast  to  west,  observed  in  the  aurora  borcalis.  The  rotation  of 
wm  lominous  arc  in  the  above  experiment  can  evidently  be  referred  to  the 
Milion  of  currents  by  magnets  (868)* 

Ccisslcr  has  constructed  a  very  useful  form  of  the  above  experiment,  in 
pbich  the  globe  is  exhausted  once  for  alL  Apart  from  the  purpo^  for  which 
originally  devised,  it  is  a  very  convenient  arrangement  for  dcmon- 
gniill^  the  action  of  magnets  on  movable  currents, 

939W  Veftt  develaped  by  tHo  ladaotlon  of  powerful  tnaritets  on  bodies 
I  ioHob — We  have  already  seen  in  Arago's  experiments  (914)  tliat  a  rota- 
yg  copper  disc  acts  at  a  distance  on  a  magnetic  needle,  communicating  to  it 
focatory  motion*  VV*e  shall  presently  sec  that  a  cube  of  copper,  rotating 
^Ctk  great  velocity,  is  suddenly  stopped  by  the  influence  of  the  poles  of  two 
magnets  (938)*  It  is  clear  that*  in  order  to  prevent  the  rotation  of  the 
or  of  the  copper,  a  certain  mechanical  force  must  be  consumed  in 
rei coming  the  resistance  which  arises  from  the  inductive  action  of  the  ma^'- 
Reasoning  upon  the  tlieory  of  the  transformation  of  mechanical  wotk 
ito  heat  (497),  it  has  been  attempted  to  ascertain  what  quantity  of  heat 
developed  by  the  action  of  induced  currents  under  the  influence  of  power- 
I  msfegiiets.  joule,  with  a  view  of  determining  the  mechanical  equivalent 
'  licatf  colled  a  quantity  of  copper  wire  round  a  cylinder  of  soft  iron,  and 
ivtQg  enclosed  the  whole  in  a  glass  tube  full  of  water,  he  imparted  to  the 
fitem  a  rapid  rotation  between  the  branches  of  an  electromagnet.  A 
beriDOiiieicr  placed  in  the  liquid  served  to  measure  the  quantity  of  heat 
by  the  induced  currents  in  the  sofft  iron  and  the  wire  round  it 
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It  was  thus  found  that  the  heat  developed  was  proportional  to  tlie  sqpatt«l 
the  magnetism  evoked,  and  was  equivalent  to  the  work  csed  to  tb^  ratitiQtt. 
Foucault  made  a  remarkable  experiment  by  means  of  the  a|}p«n<ai 
represented  in  fig-  866.  It  consists  of  a  powerful  eJectramagiiet  toe^i 
horizontally  on  a  table.  Two  pieces  of  soft  iron,  A  and  B,  are  tn  cooun 
with  the  poles  of  the  magnet,  and  becoming  magnetised  by  mdoaijA, 
they  concentrate  their  magnetic  inductive  action  on  the  two  Cacci  of  i 
<opper  disc,  D,  3  inches  in  dian[ieter,  and  a  quarter  of  an   tncb  tluck, 


rig.M6. 


this  disc  partly  projects  between  the  pieces  A  and  B^  and  can  be 
Itncans  of  a  handle  and  a  series  of  toothed  wheels  with  a  velocity  of  ipt* 
200  turns  in  a  second. 

So  long  as  the  current  does  not  pass  through  the  wire  of  ibe  < 
magnet,  very  little  resistance  is    experienced   in    tumin^   tlie  litfM 
when  once  it  has  begun  to  rotate  rapidly,  and  is  left  to  ttsdl,  Cbt  I 
I  continues  in  virtue  of  the  acquired  velocity.     But  if  the  currcfit 
iisc  and  other  pieces  stop  almost   instantaneously  ;  and  if  the 
ftumed  considerable  resistance  is  felt.     If,  in  spite  of  this,  the 

continued,  the  force  used  is  transformed  into  heat,  and  the  dkK  faeo^ei 
[heated  to  a  remarkable  extent.  In  an  experiment  made  by  Fottowlt^ 
Itemperature  of  the  disc  rose  from  10*  to  6j%  the  current  bdnf  %nmm 
three  of  Bunscn's  elements ;  with  six  the  resistance  was  sadi  thai  tlit  RiBii* 
<-ould  not  long  be  continued.  The  currents  thus  produced  in  solid  OOttteS^^ 
and  which  are  converted  into  heat,  are  often  sp«  F^mcmmUi 

Such  currents  are  of  constant  occurrence  in  r.  rJectncil  1 

and  weaken  their  force,  firstly,  by  owing  their  existence  to  some  Jiart  1 
work  expended  ;  secondly,  iliey  weaken  the  magnetism  of  the  i 
[their  direction  ;  and,  lastly,  they  are  converted  into  heat,  which 
the  internal  resistance  of  the  machine. 
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1  950.  The  TelepHone. — To  the  number  of  instruments  depending  on  in- 
kction  may  be  »iddcd  this  discovery',  which  is  equally  remarkable  for  die 
^  prising  character  of  the  results  which  it  produces,  and  for  the  sim-J 
of  llic  means  by  which  they  are  produced.  Fig.  867  represents  a 
rcuvc,  and  fig.  868  a  section,  of  the  latest  form  of  telephone  as  improved 
Its  inventor,  Mr.  Graham  Bclh 

ll  c»>nsisi5  essentially  of  a  steel  magnet  of  about  4  Inches  in  length  by 
Fan  inch  in  diameter,  enclosed  in  a  wooden  case.  Round  one  end  of  this 
net  is  nitcd  a  thin  flat  bobbin,  BB,  of  fine 
^sulaicd  copper  wire.  For  a  magnet  of  this 
%ie^  a  length  of  250  metres  of  No.  38  wire, 
|fiering  a  resistance  of  350  ohms,  is  well 
l&ited 

The  ends  of  this  coil  pass  through  longi- 
holcs,  LL,  in  the  case,  and  are  con- 
1  with  the  bindmg  screws  CC.  In  front 
the  magnet  and  at  a  distance  which  can 
;  regulated  by  a  screw,  S,  but  which  is  somc- 
bii^  less  than  a  millimetre,  is  the  essential 
rcof  ihc  instrument,  a  diaphragm,  D,  of 
oft  iron,  not  much  thicker  than  a  sheet  ot 
kout  letter-paper.  This  diaphragm  is  screwed 
lown  by  the  momhpicce  E,  which  is  similar 
p,  though  somewhat  larger  than,  that  of  a 
ketho'^rope. 

1     The  instruments  arc  connected  by  wires, 

pr  one  of  which  the  earth  may  be  substituted, 

b  in    ordinary   telegraphic   communication 

t86).     Each  instrument  c;m  be  used  cither 

\  tender  or  receiver,  though  in  actual  prac- 

ps  it  is  more  convenient  for  each  operator 

>  llave  two   telephones,  one  of  which   is 

^  to  the  ejfcr,  while  the  other  Is  used  for 

I  Making  into ;   the  latter  being  larger  and 

powerful  than  the  receiver. 

The  action  of  the    instrument   depends  on 

five  positions  of  a  magnet  and  uf  a  closed  coil  of  wire  are  altered  thcral 
I  produced  within  the  coil  a  current  or  currents  of  electricity.  This  mayj 
i  iSaftrated  by  reference  to  fig.  818,  When  the  magnet  is  suddenly] 
nm^ht  into  the  coil,  a  current  is  produced  in  the  coll  in  a  partJcuh'irl 
vti^tofi.  There  is  no  current  so  long  a^  the  coil  and  the  magnet  arai 
baskmary.  When,  however,  tlic  magnet  i*  suddenly  withdrawn,  a  current  it  J 
lOdlKed  in  the  opposite  direction,  Similar  effects  arc  produced  if,  whtlr  thej 
^ign«t  is  In  the  coil,  its  magnetism  is  by  any  means  increased  or  di  U 

Now  in   the    telephone  the  magnet  and  the  coil,  when    once         .       y 
IJQSted,  remain  fixed.      But  the  magnet  "Si  magnetises  by  induction  the 
lA   iron  membrane  D  in  front  of  it,  that    is,  converts  it  inio  a  magnet. 
Hieily  by  the  mouthpiece  being  spoken  into,  this  iron  membrane  vibratet| 
adcwards  and  forwards,  these  vibrations  give  rise  to  an  alteration  in  the 


^ 
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magnetism  of  the  permanent  magnet,  the  effect  of  which  is  that  cunoits 
are  produced  in  alternate  directions  in  the  coil  surrounding  the  pole. 
Moreover,  the  alteration  in  the  relative  positions  of  the  magnetised  dia- 
phragm, thus  magnetised  by  induction,  and  of  the  coil,  gives  rise  to  currents 
in  the  same  direction  as  the  above.  These  alternating  currents,  bein^ 
transmitted  through   the  circuit  to  the    distant    coil,  alternately  attract, 

and  cease  to  attract, 
the  corresponding 
diaphragm.  They 
thereby  put  this  is 
vibration,  and  wbeo 
the  mouthpiece  of 
this  telephone  is 
held  to  the  ear, 
these  vibrations  are 
perceived  as  soood 
corresponding  to 
that  which  is  trans- 
^^•^-  mitted.         Heflce 

whatever  sound  produces  the  vibration  ot  the  diaphragm  of  the  sending 
instrument  is  repeated  by  that  of  the  receiver. 

The  reproduction  of  the  sound  in  the  receiving  instrument  is  perfect  as 
far  as  articulation  is  concerned,  but  it  is  considerably  enfeebled,  as  might  be 
expected.  The  sound  has  something  of  a  metallic  character,  appearing  as 
if  heard  through  a  long  length  of  tubing,  while  it  faithfully  reproduces  the 
characteristics  of  the  person  speaking.  It  does  not  result  from  a  scries  of 
sharp  and  distinct  makes  and  breaks,  but  in  each  of  the  momentary'  currents 
there  is  a  continuous  rise  and  fall,  corresponding  in  every  gradation  and 
inflection  to  the  motion  of  the  air  agitated  by  the  speaker. 

Various  attempts  have  been  made  to  improve  the  loudness  of  the  sounds 
produced  in  the  telephone,  by  varying  the  form  of  the  various  parts,  ard 
using  more  powerful  magnets  of  horseshoe  and  circular  fonns  ;  but  experi- 
ment shows  that  increased  loudness  is  always  produced  at  the  expense  d 
distinctness  of  articulation. 

The  amplitude  of  the  vibration  of  the  disc  is  extremely  small.  .According 
to  Bosscha  a  unit  current  produced  a  displacement  of  0*034  of  a  mm.,  and  as 
currents  of  ^-^  of  this  are  perceptible,  it  follows  that  the  amount  of  dispUK^ 
ment  must  be  about  the  ~^\\\  of  the  wave-length  of  yellow  light  (6371 

The  current  in  a  telephone  is  estimated  by  De  la  Rue  as  not  exceeding 
that  which  would  be  produced  by  one  Daniell's  cell  in  a  circuit  of  coppff 
wire  4  mm.  in  diameter  of  a  length  sufficient  to  go  290  times  round  the  earth. 
This  current  would  have  to  pass  19  years  through  a  voltameter,  to  produce 
I  c.c.  of  detonating  gas.  This  is  about  1,000  million  times  less  than  the 
'currents  in  ordinary  use.  Such  currents  are,  however,  sufficient  to  cause 
the  contraction  of  a  frog's  leg  (797). 

Siemens  estimates  that  not  more  than  j^J^-  of  the  mass  of  sound  which 
the  sender  receives  is  produced.  That  it  is  possible  to  perceive  this  '>  du-e 
to  the  great  sensitiveness  and  range  of  the  car,  which  can  endure  the  s^Mind 
of  a  cannon  at  a  distance  of  5  yards,  and  still  perceives  it  at  a  distance 
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Vxx>  times  as  great    This  represents  a  ratio  of  intensities  of  one  to  one 
mdred  millions. 

From  some  experiments  on  the  transmission  of  the  sound  of  a  high- 
tched  tuning-fork  (251)  Rdntgen  concludes  that  no  less  than  24,000  currents 
«  transmitted  in  one  second. 

This  extreme  delicacy  of  the  telephone  is  its  drawback  to  speaking 
iiough  ordinary  telegraph  circuits.  The  currents  in  adjacent  wires,  the 
ibration  of  the  posts  and  of  the  insulators,  or  the  passage  of  a  cart  over 
le  streets,  acts  by  induction  on  the  telephone  circuit,  and  overpowers  its 
kdications.  When  a  telephone  circuit  was  placed  at  a  distance  of  20  metres 
001  a  well-insulated  line,  through  which  signals  were  sent  by  means  of  a 
attery  of  a  few  elements,  sounds  were  distinctly  heard  in  the  telephone, 
peaking  under  such  circumstances  is  like  speaking  in  a  storm.  The 
owerful  currents  used  for  systems  of  electric  lighting  produce  such  a  roar 
1  an  adjacent  telephone  circuit  that  it  is  impossible  to  speak  through  the 
dephone.  The  only  effective  way  of  diminishing  the  inductive  action  of 
djacent  systems  is  to  have  two  wires  in  close  proximity  to  each  other. 
rhey  are  thus  at  the  same  distance  from  the  inducing  circuit,  and  as  one  of 
he  wires  is  used  for  going  and  the  other  for  returning,  the  similar  influences 
mist  be  in  opposite  directions,  and  therefore  neutralise  each  other. 

If  a  telephone  is  inserted  in  the  circuit  of  a  Morse's  instrument,  the 
•Qund  of  the  working  is  heard,  and  the  messages  can  be  read  ;  this  is  the 
aoe  also  of  the  telephone  in  the  branch  circuit  of  a  Morse.  If  the  tele- 
phone is  joined  up  with  the  primary,  and  another  with  the  secondary  wire 
>f  an  induction  coil,  communication  is  almost  as  good  as  if  the  two  apparatus 
«tre  directly  united. 

Telephones  have  been  constructed  in  which  the  thin  iron  plate  is  re- 
;»bced  by  a  thicker  one,  or  by  an  unmagnetic  one ;  or  if  the  telephone  is 
beU  close  to  the  ear,  the  plate  can  be  dispensed  with  altogether.  In  the 
btlcr  two  cases  the  sounds  are  only  perceived  when  the  spiral  surrounding 
tlie  magnet  can  vibrate  with  it. 

A  telephone  may  be  constructed  with  a  rod  of  soft  iron  instead  of  a 
lEiagnet ;  when  the  rod  is  held  in  the  line  of  dip,  and  the  mouthpiece  is  sung 
Qto,  the  sounds  are  reproduced. 

From  its  extreme  sensitiveness,  being  perhaps  the  most  delicate  galvano- 
scope  we  possess,  the  telephone  has  become  of  great  ser\'ice  in  scientific 
^ttarch.  It  may  be  used  instead  of  a  galvanometer  in  a  Wheatstone's 
bridge.  If  inserted  in  either  of  the  circuits  of  an  induction  coil,  the 
feomber  of  breaks  can  be  determined  from  the  height  of  the  tone  which  is 
ivoduced.  When  inserted  in  the  current  of  a  Holtz's  machine,  the  disc  of 
Hiich  is  rotating  with  a  uniform  velocity,  the  height  of  the  note  varies  with 
he  resistance  of  the  circuit,  and  with  the  capacity  of  the  condensers.  It 
aa  be  shown  also  that  the  circumstances  most  favourable  for  the  production 
f  a  most  distinct  stratification  in  a  Geisslcr's  tube  correspond  to  a  definite 
itch  in  the  telephone. 

The  telephone  has  been  used  to  test  hardness  of  hearing.  If  the  mag- 
ctism  of  a  telephone  be  excited  by  galvanic  currents  which  are  made  inter- 
mittent by  a  vibrating  tuning-fork,  and  if  a  telephone  is  inserted  in  a  branch 
ircuit  (961)9  then  by  varying  the  strength  of  the  principal  current,  by  the 
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insertion  of  resistances,  the  strength  of  ihe  sounds  in  the  telephone  any 
be  varied  at  will. 

When  a  telephone  is  held  to  the  ear  during  a  thundcrslorm,  every  Hfjbtliif 
flash  in  the  sky  is  simultaneously  heard  to  be  accompanied  by  a  shaiponde. 

Dolbear  has  constructed  a  telephone  in  which  the  electrostatic  artkw  of 
currents  is  used.     It  consists  of  two  circular  flat  discs  of  mciaJ  rijji 
to  each  other  in  an  insulated  case  of  ebonite.     One  of  the  discs  is  v 
connection  with  the  line  wire,  in  which  is  a  battery  and  an  indue n 
in  this  way,  while  one  disc  »s  electrified  positively,  the  other  is  nt^.: 
electrified  by  induction,  and  if  the  current  be  varied  by  speaking  throtJi:-  i 
transmitter  in  the  circuit  their  varying  effects  are  faithfully  reproduced,  ^ 
reappear  as  sound  vibrations  on  the  receiver. 

931.  Tite  mtorofilioiie. — When  the  wires  of  an  electrical  circuit,  inwW 
is  interposed  a  telephone,  arc  broken,  and  rest  loosely  on  each  other,  sutiMi 

t^^^^  .  produced  near  the  point  of  cootie- 

^^^1  are  reproduced  and  magniM  ta 

^^H  the  telephone.  Th^  miavpkmt.iah 

cM^^^^H  vented  by  Prof  Hughes, diepcndiii 

^^^H^^  this  fact ;  its  arrangemeot  waif  he 

^^^HB  greatly  varied  ;  ooe  of  the  snnpltf 

^^^^H  and  most  convenient  farms,  b  cN 

■B^H^  represented  in  fig.  869.    A  (aa> 

^  H  of  thin  wood  is  fitted  vcrticaUv « 

^  IBflLMH^k  ^  hiLsc  of  the  same  material  \  t^* 

^"^^^^^^^         ^  small  rods  of  gas  carbon,  C  C,  il»^ 

'  ^Hfc^^^^^^^  .  +  *  of  an  inch  thick,  are  6xe4  !w^ 

'  ^  J^^V^^j^^^m    ^  ^^TT^   zontally  in  the  upright ;  by  mtam^ 
'^^^^^^^^^^^^^^^^  binding  screws,  they  are  io 

^^^^H^I^^^^^V^^^'li'^  connection  with  the  wires  of 

cuit  in  which  is  a  small  hattety 
**  a  telephone  ;  and  in  each  of  li** 

IS  a  cavity.  A  third  piece,  D,  of  the  same  materiaL,  and  about  one  indi  l0i(i 
is  pointed  at  each  end,  one  of  which  rests  in  the  lower  cavity,  whflellrofei^ 
pivots  loosely  in  the  upper  one.  When  a  watch  is  placed  on  the  \mm  D»  * 
ticking  is  heard  in  the  telephone  with  surprising  loudness;  thewafiev^*' 
a  fly  on  the  base  suggests  the  stamping  of  a  horse  ;  the  scr^ching  d  * 
quill,  the  rustling  of  silk,  the  beating  of  the  pulse,  are  pcrcd^'ed  hi  t^ 
telephone  at  a  distance  of  a  hundred  miles  from  the  source  of  sousd ;  «He 
a  drop  of  water  falling  on  the  base  has  a  loud  crashing  sottod.  To«M^ 
the  best  results  with  a  particular  instrument,  the  position  of 
be  carefully  adjusted  by  trial ;  and  indeed  the  form  of  the 
must  be  variously  modified  for  the  special  object  in  view :  tst 
great  sensitiveness  is  required  :  in  others  great  range.  In  oeder  tuitfni*^ 
as  jar  as  possible  the  effect  of  accidental  vibrations  due  to  the  sapport^  ^ 
base  should  rest  on  pieces  of  vulcanised  tubing,  or  on  wadding. 

It  is  known  that  the  compression  of  a  semiconductor,  ftudi  as  ottt* 

diminishes   its   resistance,   while    a    diminution    in    the    anapfcaiQtt  ^ 

eases  the  resistance.     The  action  of  the  microphone  it  to  be  «sa» 

to  this  ;  in  consequence  of  the  minute  alterations  id  \ht  fmsMRapd  ia^ 
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degree  of  contact  at  the  break,  the  electrical  resistance  in  the  circuit  varies 
in  accordance  with  the  sound  waves,  and  consequently  the  strength  of  the 
currents  varies  too.  The  result  of  this  is,  that  what  we  may  call  undulating 
currents  of  electricity  are  produced,  whose  amplitude,  height,  and  form  are 
in  exact  correspondence  with  the  sound  waves.  The  effect  of  the  micro- 
phone is  to  draw  supplies  of  energy  from  the  battery,  which  then  appear  in 
liie  telephone. 

932.  mnrlMs's  laauettoB  balA&ea. — ^The  principle  of  this  apparatus  may 
be  thus  stated : — Suppose  we  have  two  exactly  equal  primary  induction  coils, 
K  and  A^  and  near  them  two  secondary  coils,  B  and  B',  also  exactly  equal, 
md  connected  up  with  a  galvanometer,  so  that  the  coils  act  upon  it  in 
Opposite  directions.  If  now  the  current  of  a  battery  be  sent  through  the 
primary  coils,  joined  in  series,  the  inductive  effects  on  each  of  the  secondary 
omb  will  be  the  same,  and,  as  their  action  on  the  galvanometer  is  opposed, 
no  deflection  of  the  needle  will  be  produced.     If,  however,  a  piece  of  iron 

be  introduced  into  the .., 

core  of  one  of  the  secon-  _^  iL  di 

dary  coils,  the  equality 
in  the  induction  effects 
win  be  destroyed,  and 
the  needle  of  the  gal- 
vanometer at  once  de- 
lected 

This  principle  was 
int  applied  by  Bab- 
hage,  Herschell,  and  in 
a  special  apparatus  by 
Dove ;  but  the  micro- 
phone and  the  tele- 
phone have  led  the 
hnrentor  of  the  former 
to  the  invention  of  an 
apparatus  which  has 
opened  out  new  possi- 
hOities,  and  has  placed 
Ib  the  hands  of  the 
physicist  an  elegant 
and  powerful  engine  of 
ictearch,  which  in  cer- 
tain departments  of  in- 
vmigafinn  promises  to 
be  of  great  service. 
The  form  of  instru 


Fig.  870. 


Bt  as  devised  by  Professor  Hughes  is  represented  in  fig.  870,  where  the 
Dtial  parts  are  drawn  to  scale,  though  the  relative  distances  of  the  parts 
feie  not  so  ;  a  and  a'  are  the  two  primary  coils,  each  of  which  consists  of  100 
aietres  €^  No.  32  silk-covered  copper  wire  (0009  in  diameter)  wound  on  a  flat 
boxwood  spool  10  inches  in  depth ;  b  and  ^'are  two  secondary  coils,  all  four  coils 
beine.  in  intention  at  least,  exactly  alike.    The  two  primary  coils  are  joined 

*•  3Ma 
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in  series  with  a  battery  of  three  or  four  small  DanielPs  cells  in  whidi  drcmt 
a  microphone,  m,  is  also  inserted  ;  the  ticking  of  a  small  clock  on  the  tabk 
acts  as  make  and  break. 

The  secondary  coils  are  joined  up  with  a  telephone  in  such  a  manner 
that  their  action  upon  it  is  opposed. 

Now,  whatever  care  be  tajcen  in  winding  the  wire  on  the  coils,  it  is  not 
possible  to  get  at  the  outset  an  exact  balance.  Hence,  while  one  of  the 
secondary  coils,  ^,  is  at  a  fixed  distance  from  a,  the  corresponding  one,  ^',  i$ 
not  so  ;  its  distance  from  a'  can  be  slightly  modified  by  means  of  a  micro- 
metric  screw,  and  thus,  connection  with  the  battery  circuit  having  been  made, 
a  balance  is  obtained  by  slightly  varying  the  adjustment,  and  the  accomplish- 
ment of  this  is  known  by  there  being  silence  in  the  telephone.  But  if  dov 
any  metal  whatever  be  introduced  in  one  of  the  secondar>'  coils,  a  soond 
is  at  once  heard. 

This  arrangement  is  so  far  a  simple  differential  one,  and  furnishes  as  yet 
no  means  of  measuring  the  forces  brought  into  play,  and  for  this  purpose 
Hughes  uses  what  is  called  a  sonometer  or  audiometer.  This  consists  of 
three  similar  coils,  ^,  dy  and  e^  placed  vertically  on  a  horizontal  graduated  nik 
along  which  d  can  be  moved.  By  means  of  a  switching  key  or  switch. 
the  primary  coils  c  and  e  can  be  put  in  communication  with  the  batter)-  and 
microphone  circuit  quite  independently  of  the  balance,  and  it  is  so  ar- 
ranged that  the  ends  of  the  coils  c  and  e  facing  each  other  are  of  the  same 
polarity ;  the  third  coil, //,  the  secondary  one,  is  connected  with  the  telephone 
circuit. 

If  these  primary  coils  c  and  e  were  quite  equal,  then,  when  connected  up 
with  the  battery  circuit,  no  sound  would  be  heard  in  the  telephone,  when  the 
secondary  d  is  exactly  midway  between  them.  But  as  the  coil  is  moved 
from  this  position  either  towards  ^  or  ^  a  sound  is  heard,  due  to  the  prepon- 
derance of  one  or  the  other.  In  practice  the  coils  are  so  arranged  that  a 
balance  is  obtained  when  the  secondary  circuit  is  near  one  of  the  coils,  c 
for  instance ;  this  represents  a  zero  of  sound,  and  as  the  coil  d  is  mo^td 
nearer  to  ^  a  sound  of  gradually  increasing  intensity  is  heard  ;  disunces 
measured  off  along  this  scale  represent  values  of  sound  on  an  arbiuary 
scale. 

Suppose  now  that  a  balance  has  been  obtained  in  the  induction  balance, 
and  that  the  coil  d  in  the  sonometer  is  at  zero ;  no  sound  is  then  heard 
in  the  telephone  when  the  current  is  switched  either  in  one  or  the  other 
circuit.  But  if  the  balance  is  disturbed  by  placing  a  piece  of  metal  in  the 
core  of  by  a  definite  continuous  sound  is  heard.  The  current  is  then  switched 
into  the  sonometer,  and  the  secondary  coil  e  is  moved  until  the  car  pcrcei^TS 
the  same  sound  in  both  circuits.  The  distance  then  along  which  the  coil  i 
has  been  moved  is  thus  an  arbitrary  measure  of  the  effect  produced. 

Although  by  the  switch  the  transition  from  one  circuit  to  the  otbe 
can  be  effected  with  great  rapidity,  and  the  ear  can  appreciate  minnte 
differences,  this  has  not  the  value  of  a  null  method.  Hughes  has  sxit 
further  improved  the  balance  by  the  following  device,  in  which  the  sono- 
meter is  dispensed  with  : — A  graduated  strip  of  zinc  about  200  mm.  in  length 
by  25  mm.  wide,  and  tapering  from  a  thickness  of  4  mm.  at  one  end  to  a  fine 
edge  at  the  other,  is  made  use  of.     The  metal  to  be  tested  is  placed  in  1 


pUme  between  a  and  ^  on  the  left  of  the  plate,  and  the  strip  is  moved  along 
the  top  of  b'  until  a  balance  is  obtained. 

The  insLrument  is  of  surprising  delicacy  ;  a  milligramme  of  copper  or  a 
Iwe  iron  wire  introduced  into  one  of  the  coils  which  has  been  balanced  can 
Ix  loudly  heard,  and  appreciated  by  direct  measurement.     If  two  shillings 

Kb  from  the  Mint  be  balanced,  rubbing  one  of  them  or  breathing  on  it 
nee  disturbs  the  balance,  A  false  coin  balanced  against  a  genuine  one 
b  ait  once  detected  The  instrument  furnishes  a  means  of  testing  the  deli- 
cacy of  hearing  ;  such  a  piece  of  wire  as  the  above,  or  a  fine  spiral  of  copper, 
famishes  a  kind  of  test  object  for  this  purpose. 

953.  Taslmetar. — This  instrument,  invented  by  Edison,  consists  essen- 
tially of  an  arrangement  by  which  a  disc  of  carbon  forming  part  of  a  voltaic 
circuil  is  exposed  to  varying  pressure.  It  depends  on  the  fact  that  the  re- 
sistance of  carbon  varies  very  greatly  with  the  pressure  to  which  it  is  ex- 
posed. It  consists  of  an  iron  base,  on  which  are  two  rigid  supports  (6g. 
871),  one  of  which*  a^  is  connected  with  the  galvanometer,^,  by  means  of 
a  wire.  An  ebonite  disc,  d^  is  screwed  into  a,  and  in  a  circular  cavity  in 
tlus  ebonite  is  a  small  carbon  disc,  not  shown  in  the  figure,  in  the  outer 


!  of  which  is  a  strip  of  platinum  in  metallic  connection  with  one  pole 

I  oC  an  element,  /.     The  disc  of  carbon  is  closed  in  the  cavity   by  a  metal 

g,  Ct  in  which  is  a  cavity.     There  is  a  similar  plug,  r,  with  a  correspond- 

\  cavity  at  the  end  of  a  screw,  ^,  which  works  in  the  upright  support ;  in 

►  cavities  is  placed  the  strip  of  substance,/,  with  which  the  experiment 

A  gentle  pressure  being  applied  by  the  screw,  the  needle  is  deflected 
iJiroagb  a  fern-  degrees,  and  its  position^  when  it  comes  to  rest,  is  noted. 
The  ilightest  subsequent  contraction  or  expansion  is  indicated  by  a  deflec* 
of  the  needle  of  the  galvanometer. 
The  sensitiveness  of  the  instrument  is  very  great  r  a  thin  slnp  of  ebonite 
expanded  by  the  heat  of  the  hand  held  near  it,  so  as  to  aflcci  a  not  very 
delicate  galvanometer.  A  strip  of  gelatine,  inserted  instead  of  the  ebonite, 
expanded  by  the  mobture  of  a  damp  strip  of  paper  held  two  or  three 
iQcbes  away. 

The  apparatus  seems  well  adapted  for  the  qualitative  observation  of 
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minute  changes  in  length  ;  it  has  been  used,  for  instance,  to  show  the  very 
small  elongation  of  an  iron  rod  when  it  is  magnetised  (880}.  Great  caze  is 
required  in  the  preparation  of  the  carbon  disc  ;  the  best  kind  seems  to  be 
maide  from  lampblack  prepared  at  a  low  temperature,  and  then  powerfiBlly 
compressed  into  a  button. 

934.  Bdlsen's  lood-speAldac  t«l«pboae. — Although  depending  on  a 
diflferent  principle,  we  may  give  a  description  here  of  this  instrument 

An  adjustable  metal  spring  passes  on  the  sur^ce  of  a  small  oiindeif 
made  of  chalk,  moistened  with  solutions  of  caustic  potash  and  acetate  d: 
mercury ;  both  the  spring  and  the  cylinder  form  part  of  a  circuit  in  wfaidi 
is  a  battery  and  a  Reis's  transmitter  (884).  The  spring  is  connected  in  a 
suitable  manner  with  a  mica  disc,  which  is  the  vibrating  part  of  a  mootb- 
piece  like  that  of  an  ordinary  telephone.  The  cylinder  can  be  turned  at  1 
uniform  rate,  either  by  hand  or  by  an  automatic  dodcwork  arrangement 

Now  while  the  spring  is  pressing  on  the  cylinder,  if  the  latter  be  rotated 
in  a  direction  away  from  the  mouthpiece,  in  consequence  oi  the  frictioi 
between  the  spring  and  the  surface  of  the  cylinder,  a  certain  pull  will  be 
exerted  on  the  disc,  which  will  tend  to  drag  it  outwards.  If  the  direction  of 
rotation  were  the  opposite,  the  disc  would  be  pushed  inwards.  Now  die 
amount  of  pull  or  push  will  depend  on  the  friction  between  the  point  aod 
the  surface.  If  a  momentary  current  be  passed,  there  will  be  a  momentary 
decomp<^ition  at  the  surface  of  the  cylinder,  its  friction  will  be  altered  ia 
consequence  of  this  momentary  decomposition,  the  effect  of  which  is  that 
the  disc  moves  inwards,  and  a  series  of  such  intermissions  of  the  current 
produces  a  corresponding  series  of  pulsations  of  the  disc,  which  if  suflficiently 
rapid  produce  a  sound.  The  friction  of  the  surfaces  in  contact  is  in  fact 
modified  by  means  of  electrical  decomposition,  a  lubricator  is  liberated  ifl 
correspondence  with  the  sound  waves,  and  thus  the  sound  which  they  rcprr 
sent  is  reproduced.  The  reproduction  is  so  loud  as  to  be  heard  throu^jhoot 
a  room,  the  sounding  instrument  being  at  a  distance.  Although  ordinary 
speech  and  music  can  thus  be  transmitted,  yet  the  sounds  have  a  harsh 
metallic  character  which  is  not  pleasing,  but  at  the  same  time  the  individual 
character  of  the  voice  is  presened. 
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CHAPTER    VII. 

nCAL   EFFECTS  OF   POWERFUL  MAGNETS.      DIAMACNETISM. 


IHtloal  elTeetB  of  i»<»wermi  macn^ts-^Faraday  observed,  in  1845, 
verful  electromagTiel  exercises  an  action  on  many  substunccs,  such 
bat  If  a  pjlarised  ray  traverses  them  in  the  direclirm  of  the  line  of  the  mag- 
tic  poles,  the  plane  of  polarisation  is  deviated  cither  to  the  right  or  to  the 
:  according  to  the  direction  of  the  magnetisation. 

Fig.  872  represents  Faraday's  apparatus,  as  constructed  by  Ruhmkorft 
It  consists  of  two  very  powerful  elcctromagTicts^  M  and  N,  fixed  on^^two  iron 


:1 


^— \' 


,  O  O',  which  can  be  moved  on  a  support*  K.    The  current  from  a 

'  of  10  or  1 1  Bunsen*s  elements  passci^  by  the  wire  A  to  the  commu- 

r,  H,  the  coil  M,  and  then  to  the  coil  N,  by  the  wire  g^  descends  in  the 

/,  paMCS  again   to   the  commutator,  and   emerges  at    B»    The  two 

en  of  soft  iron,  which  are  in  the  axis  of  tlie  cotl^  are  perforated  by 

holes,  to  allow  the  luminous  rays  to  pass.    At  b  and  <f  ttier«  are 

ro  NicoFs  prisms^  <^  serving  as  polariser  and  a  as  analyser.     By  means  of 

\  Itmb  this  latter  is  turned  round  the  centre  of  a  graduated  circle,  P. 

The  two  prisms  being  then  placed  so  that  their  principal  sections  are 

ndicuJiiT  to  each  other,  the  prism  a  completely  enttnguishes  the  lijfht 

aitted  through  the  prism  b.     If  at  <r,  on  the  axis  of  the  two  coils,  a  plate 

with  parallel  faces,  either  of  ordinary  or  flint  glass,  light  is  still 
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extinguished  so  long  as  the  current  does  not  pass  ;  but  when  the  commani- 
cations  are  established,  the  light  reappears.  It  is  now  coloured,  and  if  the 
analyser  be  turned  from  left  or  right,  according  to  the  direction  of  thecuntntf 
the  light  passes  through  the  different  tints  of  the  spectrum,  as  is  the  case  with 
plates  of  quartz  cut  perpendicularly  to  the  axis  (674).  Becquerel  sho»«i 
that  a  large  number  of  substances  can  also  rotate  the  plane  of  polarisatioo 
under  the  influence  of  powerful  magnets.  Faraday  assumed  that  in  these 
experiments  the  rotation  of  the  plane  of  polarisation  was  due  to  an  actioo  of 
the  magnets  on  the  luminous  rays,  while  Biot  and  Becquerel  ascribed  the 
phenomena  to  a  molecular  action  oif  the  magnet  on  the  transparent  bodies 
submitted  to  its  influence. 

936.  VbotopboBa. — Mr.  Graham  Bell,  the  inventor  of  the  telephone, 
has  invented  an  apparatus  by  which  articulate  speech  can  be  transmitted  to 
a  considerable  distance  by  the  simple  agency  of  a  ray  of  light. 

The  essential  features  of  the  apparatus  are  represented  in  fig.  873,  ia 
which  m  is  the  transmitter.  This  consists  of  a  wooden  box  closed  by  a  thin 
plate  of  microscope  glass  silvered  in  front,  which  acts  as  mirror;  in  the 
back  of  the  box  is  an  aperture  provided  with  a  flexible  tube  and  mouthi^cct 
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A  powerful  beam  of  solar  or  of  the  electrical  light  falls  against  a  lar.:c 
mirror,  //,  and  is  reflected  by  it  on  a  lens,  ^,  by  which  the  rays  are  concentrated 
on  the  mirror,  w,  of  the  transmitter.  An  alum  cell,  a,  is  sometimes  interposevL 
to  cut  off  the  influence  of  the  heating  rays. 

From  the  mirror  m  the  reflected  rays  pass  through  a  lens,  1,  by  which  ihcs 
are  rendered  parallel,  and  fall  on  a  parabolic  mirror,  /,  at  the  distant  >uiit»^ 
Here  they  are  concentrated  on  what  may  be  called  a  seUninm  rkfostati.  . 
which  is  interposed  in  a  circuit  consisting  of  a  few  Leclanch^  cells  ano  » 
telephone,  /. 

The  action  depends  on  the  alterations  in  the  resistance  of  scIctk-- 
produced  by  the  action  of  light.  The  construction  of  the  rheostatc  i>  ** 
follows  : — A  number  of  discs  of  thin  sheet  brass  are  taken,  separated  ipoc 
each  other  by  thin  discs  of  mica  of  somewhat  smaller  diameter,  and,  the 
whole  having  been  tightly  screwed  together,  the  interstitial  spaces  arc  nl'e*^ 
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ith  melted  selenium.  All  the  odd  numbers  of  brass  discs  are  in  metallic 
onnection  with  each  other  and  with  one  pole  of  the  circuit,  and  all  the  even 
nes  are  also  in  metallic  connection  with  each  other,  and  with  the  other 
ole.  In  this  way  two  conditions  are  realised ;  namely,  that  the  surface  of 
elenium  exposed  to  the  action  of  light  is  as  large,  and  its  resistance  as  small, 
5  possible. 

This  being  premised,  when  light  falls  on  the  plane  mirror  at  rest,  its  rays 
re  reflected  parallel  against  the  parabolic  mirror  by  which  they  are  con- 
mtrated  on  the  cell,  the  cylindrical  shape  being  well  adapted  for  this. 
lut  if,  by  being  spoken  against,  the  transmitting  mirror  m  is  put  in  vibration, 
bulges  in  and  out — that  is,  becomes  convex  and  concave — and  the  rays  no 
mger  fall  parallel  on  the  parabolic  mirror  ;  they  diverge  or  converge — in 
thcr  words,  the  whole  of  the  light  is  no  longer  concentrated  on  the  selenium 
ell  ;  its  intensity  changes  at  every  instant,  and  these  variations  in  the  action 
f  the  light  produce  corresponding  variations  in  the  resistance  of  the  sele- 
ium,  which  again  produce  corresponding  variations  in  the  strength  of  the 
arrent,  and  these  are  revealed  by  the  articulate  sounds  of  the  telephone. 

Mr.  Bell  has  found  that  a  great  number  of  substances  are  thrown  into 
ibration  by  the  intermittent  action  of  light,  as  we  have  seen  (446a).  Lord 
layleigh's  calculations  show  that  there  is  no  reason  for  discarding  the  ex- 
lanation  that  the  sounds  in  question  are  due  to  the  bending  of  the  plates  in 
Misequence  of  unequal  heating. 

937.  Xarr*s  alaotro-optloal  azperimaiits. — Dr.  Kerr  has  discovered  are- 
larkable  relationship  between  electricity  and  light.  H  e  finds  that  when  certain 
ielectrics  are  subjected  to  a  stale  of  electrical  strain,  they  develop  doubly 
rfringent  properties  (639).  The  general  arrangement  of  the  experiments  is 
I  follows  :  a  cell,  P  (fig.  874),  is  suitably  constructed  of  stout  glass  plates, 
I  which  is  placed  the  liquid  under  examination ;  its  dimensions  are  4 
ichcs  in  length  by  i  inch  in  width,  and  about  ^th  of  an  inch  in  thickness. 
*wo  copper  plates  placed  horizontally,  and  kept  at  a  distance  of  about  -^ 
f  an  inch,  can  be  connected  with  the  poles  of  a  Holtz's  machine  (fig,  650), 
r,  what  is  more  convenient,  with  the  opposite  coatings  of  a  Leyden  jar, 
bich  in  turn  is  worked  by  such  a  machine.  B  is  the  mirror  of  a  heliostat, 
/  which  a  beam  of  light  may  be  sent  in  any  direction.  M  and  N  are  two 
iicol's  prisms  (660) ;  C  is  a  compensator,  while  D  is  a  condensing  lens. 
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Fig.  874. 

Of  the  two  Nicol's  prisms,  M  serves  as  polariser,  and  N  as  analyser  (656) ; 
t  the  outset  they  are  arranged  so  that  their  principal  sections  are  at  right 
agles  to  each  other,  and  make  an  angle  of  45°  with  the  vertical.  Thus  the 
^t  polarised  by  the  prism  M  is  extinguished  by  the  analyser  N,  so  thai 
te  field  between  them  is  quite  dark,  and  remains  so  even  when  the  ce\^^  ^"^ 
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fiUed  with  liquid  ;  the  cell  is  so  arranged  that  the  observer  looks  throogh  the 
slit  of  dielectric  which  is  between  the  conductors  in  the  cell. 

If  now  the  plates  are  placed  in  opposite  electrical  conditions,  the  field  at 
once  becomes  clear.  Of  all  dielectrics  hitherto  examined,  carbon  bisulphide 
is  that  which  best  exhibits  the  phenomenon.  A  fraction  of  a  turn  of  a  Holtis 
machine  is  at  once  sufficient  to  produce  light  in  the  field,  which  disappears 
immediately  the  plates  are  discharged.  As  the  machine  is  H'orked  and  the 
potential  rises,  the  light  between  the  conductors  gradually  increases  in  brigbt- 
ness  until  a  pure  and  brilliant  white  is  obtained  ;  with  increase  of  potential 
a  fine  progression  of  chromatic  effects  is  obtained ;  the  luminous  band 
between  the  conductors  changes  first  from  white  to  a  straw-colour,  whidi 
deepens  gradually  to  a  rich  yellow  ;  it  then  passes  through  orange  to  a  deep 
brown,  next  to  a  pure  and  dense  red,  through  purple  and  violet  to  a  rich  and 
full  blue,  and  then  to  green.  All  the  colours  are  beautifully  dense  and  pure, 
and  as  fine  as  anything  seen  in  experiments  with  crystals  in  the  polariscope. 
The  phenomenon  generally  ceases  at  the  green  of  the  second  order  with  a 
discharge  of  electric  sparks.  The  action  of  bisulphide  of  carbon  under 
electrical  strain  is  similar  to  that  of  glass  stretched  in  a  direction  parallel  to 
the  lines  of  force  ;  it  is  an  action  of  the  same  kind  as  that  of  a  uniaxial  hi- 
refringent  crystal  (640) ;  in  this  respect  carbon  bisulphide  occupies  a  place 
among  dielectrics  similar  to  that  of  Iceland  spar  among  crystals. 

In  order  to  measure  the  effect  produced,  a  compensator,  C,  is  placed 
behind  the  cell  ;  the  plates  are  connected  with  a  Thomson's  electrometer 
in  such  a  manner  that  the  potential  can  be  directly  measured,  and  thea 
compared  simultaneously  with  the  difference  of  the  path  of  the  extraordinary 
and  ordinary  ray  in  the  dielectric.  Kerr  arrived  thus  at  the  law  :  '  the  strength 
of  the  electro-optical  action  of  a  given  dielectric,  that  is,  the  difference  in  the 
path  of  the  ordinary  and  extraordinary  rays,  for  unit  thickness  of  the  di- 
electric, varies  directly  as  the  square  of  the  resultant  electrical  force.' 

938.  BiamAvnattsm. — Coulomb  obser\'ed,  in  1802,  that  magnets  act  upon 
all  bodies  in  a  more  or  less  marked  degree  ;  this  action  was  at  first  attributed 
to  the  presence  of  ferruginous  particles.  Brugmann  also  found  that  certain 
bodies  —for  instance,  bars  of  bismuth — when  suspended  between  the  poles  of 
a  powerful  magnet,  do  not  set  axially  between  the  poles,  that  is,  in  the  line 
joining  the  poles,  but  equatorially^  or  at  right  angles  to  that  line.  This 
phenomenon  was  explained  by  the  assumption  that  the  bodies  »«e 
transversely  magnetic.  Faraday  made  the  important  discovery  in  1S45 
that  all  solids  and  liquids  which  he  examined  are  either  attracted  or  repelled 
by  a  powerful  electromagnet  The  bodies  which  are  attracted  arc  called 
magnetic  or  paramagnetic  substances,  and  those  which  arc  repelled  are 
diamagnetic  bodies.  Among  the  metals,  iron,  nickel,  cobalt,  manganese, 
platinum,  cerium,  osmium,  and  palladium  are  magnetic  ;  while  hismoth. 
antimony,  zinc,  tin,  mercury,  le«ad,  silver,  copper,  gold,  and  arsenic  arc 
diamjignetic,  bismuth  being  the  most  so  and  arsenic  the  least.  The  diamag- 
netic effects  can  only  be  produced  by  means  of  vcr>'  powerful  magnets,  and 
it  is  by  means  of  Faraday's  apparatus  that  they  ha\-e  been  discovered  and 
studied.  In  experimenting  on  the  diamagnetic  effects — solids,  liquids,  and 
gases— armatures  of  soft  iron,  S  and  Q  (figs.  875-877),  of  different  shapes 
are  screwed  on  the  magnets. 
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L  DiisunagneHsm  of  solids.  If  a  small  cube  of  copper,  suspended  by  a 
e  silk  thread  between  the  poles  of  the  magnet  (fig.  876),  be  in  rapid  rota- 
n  between  the  poles  of  an  electromagnet,  it  stops  the  moment  the  current 
sses  through  the  bobbins.     If  the  movable  piece  have  the  form  of  a  small 


Fig.  875. 


Fig.  876. 


Fig.  877. 


tangular  bar  it  sets  equatorially^  or  at  right  angles  to  the  axis  of  the  bob- 
is,  if  it  is  a  diamagnetic  substance,  such  as  bismuth,  antimony,  or  copper  ; 
t  axieUlyy  or  in  the  direction  of  the  axis,  if  it  is  a  magnetic  substance,  such 
iron,  nickel,  or  cobalt.  Besides  the  substances  enumerated  above,  the 
lowing  are  diamagnetic :  rock  crj'stal,  alum,  glass,  phosphorus,  iodine, 
phur,  sugar,  bread  ;  and  the  following  are  magnetic :  many  kinds  of 
per  and  sealing-wax,  fluorspar,  graphite,  charcoal,  &c. 

iL  Diamagnetism  of  liquids.  To  experiment  with  liquids,  very  thin  glass 
>es  filled  with  the  substance  are  suspended  between  the  poles  instead  of 
tcube  ///  in  the  figure  876.  If  the  liquids  are  magnetic,  such  as  solutions 
iron  or  cobalt,  the  tubes  set  axially  ;  if  diamagnetic,  like  water,  blood, 
[k,  alcohol,  ether,  oil  of  turpentine,  and  most  saline  solutions,  the  tubes  set 
latorially.  Very  remarkable  changes  take  place  in  the  direction  of  mag- 
ic and  diamagnetic  substances  when  they  are  suspended  in  liquids.  A 
gnetic  substance  is  indifferent  in  an  equally  strong  magnetic  liquid  ;  it  sets 
latorially  in  a  stronger  magnetic  substance,  and  axially  in  a  substance 
Ich  is  less  strongly  magnetic ;  it  sets  axially  in  all  diamagnetic  liquids. 
A  diamagnetic  substance  surrounded  by  a  magnetic  or  diamagnetic  sub- 
nce  sets  equatorially.  According  to  its  composition  glass  is  sometimes 
{luetic  and  sometimes  diamagnetic,  and  as  glass  tubes  are  used  for  con- 
ling  the  liquids  in  these  investigations,  its  deportment  must  first  be  deter- 
led,  and  then  taken  into  account  in  the  experiment. 
The  action  of  powerful  magnets  on  liquids  may  also  be  observed  in  the 
owing  experiment  devised  by  Pliickcr.  A  solution  of  a  magnetic  liquid 
placed  on  a  watch-glass  between  the  two  poles,  S  and  Q,  of  a  powerful 
:tromagnet.  When  the  current  passes,  the  solution  forms  the  enlarge- 
)t  represented  in  fig.  877 ;  this  continues  as  long  as  the  current  passes, 

is  produced  to  different  extents  with  all  magnetic  liquids.  The  changes 
:he  aspects  of  the  liquids  are,  however,  so  small  as  to  require  careful 
itiny  to  detect  their  existence.  A  method  of  magnifying  these  changes 
IS  to  render  them  visible  to  larger  audiences  was  devised  by  Prof, 
rett.    A  source  of  light  is  placed  above  the  watch-glass  containing  a  drop 
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of  the  solution  to  be  tried.  Below  the  watch-glass,  and  betvecD  liK  iep  c( 
the  magnet,  is  placed  a  mirror  at  an  angle  of  45^  By  this  TTirans  dc  bcaa 
of  light  passing  through  the  watch-glass  is  reflected  at  lighi  xz^jcs  od  :o  a 
screen,  where  an  image  of  the  drop  is  focussed  by  the  1ms  If  sov  1  drcfot 
diamagnetic  liquid,  such  as  water,  or,  better,  sulphuric  add.  be  plircc  cc  *J»c 
watch-glass,  as  soon  as  the  current  passes,  the  flattened  dro^  icreaif  trtc 
the  two  poles,  and  gathers  itself  up  into  a  little  heap,  as  a:  A  c^.  ?**  -  So 
doing,  it  forms  a  double  convex  lens,  by  which  the  light  is  bro3^:  loasboTi 
focus  below  the  drop,  an  eflect  instantly  seen  on  the  screen,  Wbes  the  csncfit 
is  interrupted  the  drop  falls,  and  the  light  returns  to  its  fonner  appean&ct 
A  magnetic  hquid,  such  as  a  solution  of  perchlonde  of  iroo,  has  exactly  tk 
opposite  eflect  The  drop  attracted  to  the  two  poles  becooxs  flattened,  and 
instead  of  a  plano-convex  shape,  at  which  it  rests,  it  becomes  Dcaihr  cooaTO- 
convex,  as  at  B.  The  light  is  dispersed,  and  the  effect  manifest  on  the  sates. 
Instead  of  a  mirror  and  lens,  a  sheet  of  white  paper  may  be  placed  ic  as  ia* 
clined  position  under  the  watch-glass,  and  the  effects  are  somcwha:  \ari<i 
but  equally  well -pronounced. 

iii.  Diamagnetism  of  gases,  Bancalari  observed  that  the  flame  of  a  caodk 
placed  between  the  two  poles  in  Faraday's  apparatus  was  strongly  repdkd 
(fig.  875).  All  flames  present  the  same  phenomenon  to  different  exteoa 
resinous  flames  or  smoke  being  most  powerfully  affected. 

The  magnetic  deportment  of  gases  may  be  exhibited  for  lecture  purpoio 
by  inflating  soap  bubbles  with  them  between  the  poles  of  the  electromagnc!, 
and  projecting  on  them  either  the  lime  or  the  electric  light- 
Faraday  experimented  on  the  magnetic  or  diamagnetic  nature  of  gases. 
He  allowed  gas  mixed  with  a  small  quantity  of  a  \isible  jja>  or  vapoi^'.  * 
as  to  render  it  perceptible,  to  ascend  between  the  two  poles  of  a  ma^n5«*» 
and  observed  their  deflections  from  the  vertical  line  in  the  axial  or  eqia:o(niI 
direction  ;  in  this  way  he  found  that  oxygen  ^^-as  least,  nitro^^en  more,  as^ 
hydrogen  most  diamagnetic.  With  iodine  vapour,  produced  by  plaonj;  1 
little  iodine  on  a  hot  plate  between  the  two  poles,  the  repulsion  is  siroc^!) 
marked.  Becquerel  found  that  ox>gen  is  the  most  strongly  magnetic  ol  xl 
gases,  and  that  a  cubic  yard  of  this  gas  condensed  would  act  on  a  nu^'Sf-^' 
needle  like  5-5  grains  of  iron.  Faraday  found  that  oxygen,  although  r.u..,'nc.:i 
under  ordinary  circumstances,  became  diamagnetic  when  the  tempcritJt 
was  much  raised,  and  that  the  magnetism  or  diamagnetism  of  a  subsior.-'' 
depends  on  the  medium  in  which  it  is  placed.  A  substance,  for  insian.^ 
which  is  magnetic  in  vacuo  may  be  diamagnetic  in  air. 

In  the  crystallised  bodies  which  do  not  belong  to  the  regular  syviem.  -•< 
directions  in  which  the  magnetism  or  diamagnetism  of  a  body  is  most  ex<  ■> 
excited  are  generally  related  to  the  cr>'stallographic  axis  of  the  subsuiit 
The  optic  axis  of  the  uniaxial  cr>'stals  sets  either  axially  orequatonaiU  ^i"^' 
a  cr>'stal  is  suspended  between  the  poles  of  an  electromagnet.  Faradax  has 
assumed  from  this  the  existence  of  a  magneto-cry stal Urn  force,  but  it  appca*'^ 
probable  from  Knoblauch's  researches  that  the  action  arises  from  an  uncx^-i 
density  in  different  directions,  inasmuch  as  unequal  pressure  in  ditfrrtr: 
directions  produces  the  same  result, 

.According  to  Pliicker,  for  a  given  unit  of  magnetising  force,  the  >pe>  • 
magnetisms  developed  in  equal  weights  of  the  undermentioned  sub>tan:f> 
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re  represented  by  the  following  numbers,  those  bodies  with  the  minus  signs 
refixed  being  diamagnetic  : — 


Iron 
Cobalt 
Nickel     . 
Iron  oxide 


1,000,000 

1,009,000 

465,800 

759 


Nickel  oxide 
Water  . 
Bismuth 
Phosphorus 


287 
-25 
-236 
-131  ' 


iv.  Detonation  produced  by  the  rupture  of  a  current  under  the  influence 
f  a  powerful  electromagnet.  The  following  experiment  by  RuhmkorA  is  a 
smarkable  effect  of  Faraday's  apparatus.  When  the  two  ends  of  a  stout  wire 
I  which  the  current  of  the  electromagnet  passes  are  placed  between  the  two 
oles  S  and  Q  of  fig.  875— that  is  to  say,  when  the  current  is  closed  between 
and  Q — this  closing  takes  place  without  a  spark  and  without  noise,  or 
wrely  a  feeble  noise  and  a  spark.  But  when  the  two  ends  are  separated, 
ftd  the  current  is  hence  broken,  a  violent  noise  is  heard,  almost  as  strong  as 
be  report  of  a  pistol.  This  appears  to  be  the  extra  current,  the  intensity  of 
rliich  is  greatly  increased  by  the  influence  of  two  poles. 

The  repulsion  produced  in  a  diamagnetic  body  under  the  influence  of  a 
owerful  magnet  is  due  to  the  fact  that  the  magnet  develops  in  the  end 
carest  to  it  like  polarity,  and  in  the  end  furthest  away  unlike  polarity  ;  a 
lienomenon  the  exact  opposite  of  that  of  iron. 

The  following  experiment,  which  is  due  to  Weber,  is  considered  to  prove 
hal  diamagnetism  is  a  polar  force.  A  coil  was  placed  near  the  end  of  an 
lectromagnet,  its  axis  being  in  the  prolongation  of  the  axis  of  the  magnet, 
nd  its  ends  being  connected  with  a  sensitive  galvanometer.  When  a  bar 
€  bismuth  was  suddenly  introduced  and  removed  from  the  coil,  induction 
arrents  were  produced  in  the  circuit,  the  direction  of  which,  as  shown  by 
lie  galvanometer,  was  the  exact  opposite  of  those  which  iron  would  have 
iiodaced  under  the  same  circumstances. 
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CHAPTER   VIII. 
THERMO-ELECTRIC  CURRENT. 


Fig.  37S. 


939.  Tbarmo-alaotrloity. — In  182 1,  Professor  Scebeck,  of  Berlin,  found 
that  by  heating  one  of  the  junctions  of  a  metallic  circuit,  consisting  of  tiro 
metals  soldered  together,  an  electric  current  was  produced.  This  pheno- 
menon may  be  shown  by  means  of  the  apparatus  represented  in  fig.  %% 

, which  consists  of  a  plate 

of  copper,  mn^  the  cols 
of  which  are  bent  and 
soldered  to  a  plate  of  bis- 
muth, op.  Inside  the  cir- 
cuit is  a  magnetic  needle, 
a^  moving  on  a  pivtt 
When  the  apparatus  is 
placed  in  the  magnedc 
meridian,  and  one  of  tbe 
solderings  gently  heated, 
as  sho^^'n  in  the  figure, 
the  needle  is  deflected  in 
a  manner  which  indicates 
the  piassagc  of  a  ainrnt 
from  n  to  ;//,  that  is,  from  the  heated  to  the  cool  junction  in  the  copper,  li, 
instead  of  heating  the  junction  /i,  it  is  cooled  by  ice,  or  by  placing  upon  it 
cotton  wool  moistened  with  ether,  the  other  junction  remaining  at  the  ordi- 
nary temperature,  a  current  is  produced,  but  in  the  opposite  direction,  thai 
is  to  say,  from  mXo  n\  \n  both  cases  the  current  is  in  general  stronger  ia 
proportion  as  the  difference  in  temperature  of  the  solderings  is  greater. 

Seebeck  gave  the  name  thermo-electric  to  this  current,  and  to  the  couple 
which  produces  it,  to  distinguish  it  from  the  hydro-electric  or  ordinary'  voltaic 
current  and  couple. 

940.  Tliermo-eleotrlo  series. — If  small  bars  of  two  different  metals  are 
soldered  together  at  one  end  while  the  free  ends  are  connected  with  the 
wires  of  a  galvanometer,  and  if  now  the  point  of  junction  of  the  two  metal> 
be  heated,  a  current  is  produced,  the  direction  of  which  is  indicated  b)-  the 
deflection  of  the  needle  of  the  galvanometer.  Moreover,  the  strength  of  the 
current,  calculated  from  the  deflection  of  the  galvanometer,  is  proportiocal 
to  the  electromotive  force  of  the  therfno-element.  By  experimenting  in  thi* 
way  with  different  metals,  they  may  be  formed  in  a  list  such  that  each  incul 
gives  rise  to  positive  electricity  when  associated  with  one  of  the  following' 
and  negative  electricity  with  one  of  those  that  precede  : — that  is,  that,  re 
heating  the  soldering,  the  positive  current  goes  from  the  positive  to  the  nefi 
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ive  metal  across  the  soldering,  just  as  if  the  soldering  represented  the  liquid 
D  a  hydro-electrical  element ;  hence  out  of  the  element— in  the  connecting 
fire  and  the  galvanometer,  for  instance — the  current  goes  from  the  negative 
o  the  positive  metal. 

Thus  a  couple,  bismuth-antimony,  heated  at  the  junction  would  corre- 
pond  to  a  couple,  zinc-copper,  immersed  in  sulphuric  acid.  The  following 
5  a  list  drawn  up  from  Matthiessen's  researches,  which  also  gives  compara- 
ive  numerical  values  for  the  electromotive  force  : — 


Bismuth 

.   +25 

Gas  coke 

-o-i 

Cobalt 

9 

Zinc    . 

0-2 

Potassium    . 

55 

Cadmium 

03 

Nickel. 

5 

Strontium 

2*o 

Sodium 

3 

Arsenic 

.        .           3-8 

Lead    . 

103 

Iron    . 

5-2 

Tin 

I 

Red  Phosphorus                    9*6 

Copper. 

I 

Antimony 

.        .            9-8 

Silver   . 

i-o 

Tellurium  . 

I79'9 

Platinum 

07 

Selenium 

-290-0 

Such  a  list  represents  what  is  called  a  thermo-electric  series,  and  the 
sing  of  the  numbers  in  this  series  is  that,  taking  the  electromotive 
'orcc  of  the  copper-silver  couple  as  unity,  the  electromotive  force  of  any  pair 
if  naetals  is  expressed  by  the  difference  of  the  numbers  where  the  signs  are 
be  same  and  by  the  sum  where  the  signs  are  different.  Thus  the  electro- 
DOCive  force  of  a  bismuth-nickel  couple  would  be  25-5*20;  of  a  cobalt- 
roo  9  — (-5-2)- 14*2,  and  of  an  iron-antimony- 5*2  — 9*8- —4-6.  Where 
lie  positive  sign  is  affixed,  the  current  is  from  the  other  metal  to  silver  across 
he  soldering ;  and  where  the  negative,  from  silver  to  that  metal 

It  will  be  observed  how  great  is  the  electromotive  force  of  the  highly  crys- 
alline  metals.  Alloys  are  not  always  intermediate  to  the  metals  of  which 
bey  are  composed,  and,  therefore,  the  position  of  the  metals  is  greatly 
iflected  by  slight  admixtures.  The  thermo-electric  behaviour  of  substances 
I  greatly  affected  by  hardness,  direction  of  crystallisation,  and  so  forth,  and 
D  this  is  no  doubt  due  many  of  the  discrepancies  in  the  lists  given  by  different 
ibscrvers. 

Of  all  the  bodies  mentioned  in  the  above  series,  bismuth  and  selenium 
voduce  the  greatest  electromotive  force  ;  but  from  the  expense  of  this 
fttter  element,  and  on  account  of  its  low  conducting  power  and  the  difficulty 
i  making  good  joints,  antimony  is  generally  substituted.  The  antimony  is 
be  negative  metal  but  the  positive  pole,  and  the  bismuth  the  positive  metal 
mt  the  negative  pole,  and  the  current  goes  from  bismuth  to  antimony  across 
he  junction. 

If  copper  wires  connected  with  the  ends  of  a  galvanometer  are  soldered 
ogether  to  the  ends  of  an  antimony  rod,  and  if  one  of  the  junctions  is  heated 
o  50**,  the  other  being  maintained  at  0°,  a  certain  deflection  is  observed  in 
be  galvanometer.  If,  similarly,  a  compound  bar,  consisting  of  antimony  and 
in  soldered  together,  be  connected  with  the  ends  of  the  galvanometer,  and  if 
be  junction  copper-tin  as  well  as  the  junction  tin-antimony  be  heated  to  50**, 
vhiJe  the  junction  antimony-copper  is  kept  at  o'^,  the  deflection  is  the  same 
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as  in  the  previous  case.  Hence  the  electromotive  force  produceclbyheatiof 
the  two  junctions,  copper-tin  and  tin-antimony,  is  equal  to  the  electromochre 
force  produced  by  heating  the  copper-antimony  ;  and,  generally,  if  a  metal,  ^, 
is  associated  with  a  metal,  a,  which  is  above  it  in  the  list,  and  in  like  maimer 
if  b  is  associated  with  r,  which  is  below  it  in  the  list,  then  the  electromotivt 
force  produced  by  heating  the  combination  clc  is  equal  to  the  sum  of  the 
electromotive  forces  produced  by  heating  ab  and  be  separately. 

If  the  two  junctions  of  a  given  couple  be  heated  to  the  temperatures  / 
and  By  and  then  to  B  and  fy  respectively,  the  electromotive  force  produced  by 
heating  the  junctions  to  the  temperatures,  /  and  t^  is  equal  to  the  sum  of  tbe 
electromotive  forces  produced  in  the  other  two  cases  ;  that  is,  that  for  small 
intervals  the  electromotive  force  is  directly  proportional  to  the  temperature. 

With  greater  ranges  this  no  longer  holds  ;  as  the  temperattire  increases 
the  differences  of  potential  gradually  diminish,  and  at  a  certain  temperature 
of  the  hot  junction  no  current  is  produced  ;  this  temp)erature  is  called  the 
neutral  temperature.  In  the  case  of  a  silver-iron  couple  this  is  when  one 
junction  is  at  o°,  the  other  is  at  223° ;  in  the  case  of  copper-iron,  it  is  when 
the  hot  junction  is  at  276°. 

When  the  couple  is  heated  beyond  the  neutral  temperature,  the  pheno- 
menon of  inversion  now  takes  place — that  is,  the  direction  of  the  current 
changes.  Thus,  with  iron-copper,  whereas  below  276®  copper  is  positi\-e  » 
iron,  above  that  temperature  iron  is  positive  to  copper. 

There  is  another  general  case  in  which  no  current  is  produced  by  heatis{ 
the  two  junctions,  and  that  is  whenever  the  arithmetical  mean  of  the  temp^ 
ratures  of  the  junction  is  equal  to  this  neutral  temperature.  Thus,  for  sihtr 
and  iron  this  temperature  is  228*5°,  and  no  current  is  produced  when  the 
temperature,  /,  of  the  one  is  186,  145,  and  1 18,  the  corresponding  one  of  the 
other  being  260,  302,  and  328.  If  the  mean  temperature  in  one  case  is  aboit 
and  in  another  below,  the  current  has  different  directions  in  the  two  cases . 
thence  the  electromotive  force  cannot  always  be  increased  by  raising  the 
temperature  of  one  or  lowering  the  temperature  of  another. 

As  compared  with  ordinary  hydro-electric  currents,  the  electromotive 
force  of  thermo  currents  is  very  small  ;  thus  the  electromotive  force  of  i 
bismuth-copper  element  with  a  difference  of  100°  C.  in  the  temperatures  ot 
their  junctions  is  according  to  WTieatstone  5*5,  and  according  to  Ncunun= 
jj^  that  of  a  Daniell's  element :  the  electromotive  force  of  an  iron-ar^fjcr.ua 
couple  with  10°  to  15°  difference  of  temperature  at  their  junctions  is  ^^^,  thai 
of  a  Daniell's,  according  to  Kohlrausch. 

941.  Cai&ses  of  tbermo-eleotiio  eorrenf, — Thermo-electric  cunen'J 
are  probably  to  be  attributed  to  an  electromotive  force  produced  by  the  cos- 
tact  of  heterogeneous  substances,  a  force  which  varies  with  the  temperatu:«. 
IJecquerel  ascribed  them  to  the  unequal  propagation  of  heat  in  the  dincrec: 
parts  of  the  circuit.  He  found  that  when  all  the  parts  of  a  circruit  arc  homiv 
geneous,  no  current  is  produced  on  heating,  because  the  heat  is  eqiaJiy 
propagated  in  all  directions.  This  is  the  case  if  the  wires  of  the  gal^-acc*- 
meter  are  connected  by  a  second  copper  wire.  But  if  the  uniformity  of  thJ 
is  destroyed  by  coiling  it  in  a  spiral,  or  by  knotting  it,  the  needle  indicaw 
by  its  deflection  a  current  going  from  the  heated  part  to  that  in  which  the 
homogeneity  has  been  destroyed.     If  the  ends  of  the  galvanometer  wires  be 
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d  in  a  spiral,  and  one  end  heated  and  touched  with  the  other,  the 
ml  goes  from  the  heated  to  the  cooled  end. 

^cn  two  plaiC3  of  the  same  metal,  but  at  different  temperatures,  are 
^  in  a  fused  salt  such  as  borax,  which  conducts  electricity  but 
%  no  chemical  action,  a  current  passes  from  the  hotter  metal  through 
liised  salt  to  the  colder  one»  Hot  and 
water  in  contact  produce  a  current 
h   goes  from  the  warm  water  to  the 

(vanberg   has  found   that   the    thermo* 

promotive    force    is    influenced    by  the 

laUlisation  ;  for  instance,  if  the  cleavage 

smuth  is  parallel  to  the  face  of  contact^ 

greater  than  if  both  are  at  right  angles, 

that  the  reverse  is  the  case  with  antt- 

y.      Thermo-electric  elements   may  be 

tructed  of  either  two  pieces  of  bismuth 

wo   pieces   of  antimony,    if  in  the  one 

principal    cleavage    is    parallel    to   the 

e  of  contact,  and  in  the  other  is  at  right 

eiu     Hence  the  position  of  metals  in  thermo-electric  series  Is  influenced 

lifrir  crystalline  structure. 

ilany  crystallised  minerals  have  great  electromotive  force  when  heated 

JM^tals  or  with  each  other.     Thus  the  combination  copper  pyrites— 

Hhi^hen  heated  in  a  spirit  lamp  has  an  eJeclromotive  force  of  o'i2,  and 

Iff  pyrites— iron  pyrites  of  018  of  a  volt. 

142.  Tliermo -electric  battery.— From  what    has  been  said  it  will  be 

^rsto^Ml  that  a  thermo-electric  couple  consists  of  two  n)etals  soldered 

ihcr,  the  two  ends  of  which  can  be  joined  by  a  conductor.     Kig.  879 
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RFig.B«a. 
ts  a  bismuth-copper  couple  ;  fig>  880  represents  a  series  of  couples 
by  Pouillet.    The  former  consists  of  a  bar  of  bismuth  bent  twice  at 
kH^ea^  at  the  ends  of  which  are  soldered  two  copper  strips*  <r,  d^  which 
ilHUehi  two  binding  screws  ^xed  on  some  insulating  material 
Ifhcn  several  of  these  couples  are  joined  so  that  the  second  copper  of 
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ihe  first  is  soldered  to  the  bismuth  of  the  second,  then  the  second  copper  of 
this  to  the  bismuth  of  the  third,  and  so  on,  this  arrangement  consdtales  i 
thermoelectric  battery,  which  is  worked  by  keeping  the  odd  solderiagfi  lor 
instance,  in  ice,  and  the  even  ones  in  water,  which  is  healed  to  loo^, 

945,  VobiirA  tbermo-electrtc  pile.— Nobili  devised  a  form  of  tbenno- 
electric  battery,  or  pile ^  as  it  is  usually  termed,  in  which  there  arc  a  Ufje 
number  of  elements  in  a  very  small  space.  For  this  purpose  he  joined  tie 
couples  of  bismuth  and  antimony  in  such  a  manner  that,  after  ha\ii^  fortDd 
a  series  of  five  couples,  as  represented  in  fig.  882,  the  bismuth  firom  A  wa> 
soldered  10  the  antimony  of  a  second  series  arranged  similarly  ;  the  !ist 
bismuth  of  this  to  the  antimony  of  a  third,  and  so  on  for  four  \ma^ 
series,  containing  together  20  couples,  commencing  by  antimony,  fioi&toqs 
by  bismuth. 

Thus  arranged,  the  couples  are  insulated  from  one  another  by  mcaai 
of  small  paper  bands  covered  with  varnish,  and  are  then  enclosed  in  1 
copper  frame,  P  (fig.  881)  so  that  only  the  solderings  appear  at  the  t^ 
ends  of  the  pile.     Two  small  copper  binding  screws,  m  and  p«, 

in  an  ivory*  ring,  communicat 
interior,  one  with  the  first  aniH.)  ;> 
representing  the  positive  pole,  iwi 
the  other  with  the  last  bismuth,  repre 
sen  ting  the  negative  polcu  Thoe 
binding  screws  communicate  i»Tth  tk 
extremities  of  a  galvanometer  »bc 
when  the  therroO'Clcctric  current  iiti 
be  observed. 

944.  aecqti«r«t*ft  tl»em^«l0ittli 

^'^'^'^  ^»«»^         b»n«ry--Becqucrel  has  fottod  *« 

artificial  sulphuret  of  copper  heated  from  200"  to  300^"  is  powerfully  pOiiM 

and  that  a  couple  of  this  substance  and  copper  has  an  electromotive  ioKi 

nearly  ten  times  as  great  as  that  of  the  bismuth  and  copper  cotipie  io  ^p^ 
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nickel).  Fig.  883  represents  ihe  arrangement  of  a  battery  of  50  couples 
arranged  in  two  series  of  25.  Fig.  885  gives  on  a  larger  scale  the  view  of  a 
single  couple,  and  hg,  884  ihat  of  6  couples  in  two  scries  of  3.  The  sulphuret 
t$  cat  in  the  form  of  rectangular  prisms,  10  centimetres  in  length,  by  18  mm. 
in  breadth,  and  1 2  mm.  thick.  In  front  is  a  plate  of  German  silver,  w,  intended 
to  protect  the  sulphuret  from  roasting  when  it  is  placed  in  a  gas  flame. 
0da«r  there  is  a  plate  of  German  silver   MM,  which  is  bent  several  times  50 
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I  be  joined  to  the  sulphuret  of  the  next,  and  so  on.  The  couples,  thus 
in  two  series  of  25,  arc  fixed  lo  a  wooden  frame  supported  by  two 
bms  columns,  A,  11,  on  which  it  can  be  more  or  less  raised.  Below  the  couples 
b  a  brass  trough,  through  which  water  is  constantly  flowing,  arriving  by 
the  tube  h  and  emerging  by  the  stopcock  r.  The  plates  of  (icrman  silver 
trc  tiius  kept  at  a  constant  temperature.  On  each  side  of  the  trough  are  two 
long  burners  on  the  Argand  principle,  fed  by  gas  from  a  caoutchouc  lube,  a. 
The  frame  being  sufficiently  lowered,  the  ends  are  kept  at  a  temperature  of 
HOtf  or  joo^  For  utilising  the  current,  two  binding  screws  are  placed  on 
lilt  left  of  the  frame,  one  con-imunicating  with  the  first  sulphuret,  that  is,  the 
fmiive  pcilc,  and  the  other  with  the  last  German  silver,  or  the  negative  pole. 
<At  tlie  other  end  of  the  frame  are  two  binding  screws,  which  facilitate  the 
airangemeiit  of  the  couples  in  different  ways. 

945.  Ctemood'B  Cliermo-e1«otrlc  bfttterjr.-^Of  the  attempts  which  have 
^etn  made  to  apply  thermo-electric  currents  to  directly  practical  purposes 
pediaps  the  most  successful  has  been  Clamond's,  which  has  been  used 
Vnh  for  telegraphic  purposes  and  also  for  electroplating*  ItH  characteristic 
itttares  are  the  construction  and  arrangement  of  the  elem€iiti«  and  ibe 
'Maner  in  which  the  heating  is  eflcctcd, 

TTk  element  consists  of  an  alloy  of  two  parts  of  antimony  and 

<^of .  ling  a  flat  spindle-shaped  bar  from  2  to  3  inches  in  length,  b>' 

I  k  ID  thickness  (fig.  887).  The  positive  metal  is  a  thin  strip  or  lug  of  tiO' 
pittc,  itamped  a^  represented  at  ^  a'  in  fig.  886  ;  thU  16  then  bent  in  as  shown 
^  t,  and  being  held  in  a  mould,  the  alloy,  which  melts  as  360"  C,  is  pourod 
^  The  individual  elements  have  then  the  appearance  represented  in  %* 
^7*and  lo  connect  them  together  the  tin  lugs  are  bent  into  shape,  and  joined 
Udrdt  of  elements  (fig.  888),  toeing  kept  in  their  position  by  a  paste  of 
and  soluble  glass  ;  flat  rings  of  ihrs  composition  are  also  madei 

I  lit  placed  between  each  scries  of  rings  piled  over  each  other  ;  the  con* 
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nectioD  between  the  individual  elements  and  between  the  sets  of  lines  b 
made  by  soldering  together  the  projecting  ends  of  the  tin  logs.  Thin  phtes 
of  mica  are  placed  between  the  alloy  and  the  tin  plate,  excepting  at  the 

place  of  soldering.  Looked  at  finom  the  inside 
the  faces  of  the  battery  present  the  a^^pearanct 
of  a  perfect  cylinder. 

The  heating  is  effected  by  means  of  coal 
gas,  admitted  through  an  earthenware  tube. 
AB,  fig.  889,  perforated  by  ntunerous  small 
holes  ;  this  is  surrounded  by  a  somewhat  lar^ger 
iron  tube,  C  D,  reaching  nearly  to  the  top  of  the 
cylinder,  which  is  closed  by  a  lid,  E  F.  Air 
enters  at  the  bottom  of  this  tube,  and  the  heated  gases,  passing  up  the  tube, 
curl  over  the  top,  descend  on  the  outside,  and  escape  by  a  chinmey,  G  H.  This 
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arrangement  economises  gas  and  prevents  danger  from  overheating,  as  the 
gas-jets  do  not  impinge  directly  on  the  element.  The  supply  <^  gas  is 
regulated  by  an  automatic  arrangement,  so  that  the  temperature  is  tfiH 
higher  than  about  200°. 

A  battery  of  60  such  elements  has  an  electro-motive  force  of  three  TOxts* 
and  an  internal  resistance  of  i|  ohms.  The  amount  of  the  gas  consulted 
per  hour  for  this  size  is  three  cubic  feet,  and  such  a  battery  costs  fbcr 
pounds. 

946.  Xelloni's  thormomaltipller. — We  have  already  noticed  the  cse 
which  Melloni  made  of  Nobili's  pile,  in  conjunction  uith  the  galvano- 
meter, for  measuring  the  most  feeble  alterations  of  temperature.  Tbe 
arrangement  he  used  for  his  experiment  is  represented  in  fig,  890. 

On  a  wooden  base,  provided  with  levelling  screws,  a  graduated  coppf^ 
rule,  about  a  metre  long,  is  fixed  edgeways.  On  this  rule  the  x-arious  part* 
composing  the  apparatus  are  placed,  and  their  distance  can  be  fixed  b^ 
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means  of  binding  screws,  a  is  a  support  for  a  Locatelli's  lamp,  or  other  source 
*>f  heat  •  F  and  E  are  screens  ;  C  is  a  support  for  the  bodies  under  experi- 
ment, and  iw  is  a  thermo-electrical  battery.  Near  the  apparatus  is  a  gal- 
^'anometer,  D  ;  this  has  only  a  comparatively  few  turns  of  a  tolerably  thick 
(f  nrnu)  copper  wire  ;  for  the  electromotive  force  of  the  ihermo-currents  is 
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3^  and  as  the  internal  resistance  is  small  too^  for  it  only  consists  of  metaJ, 
clear  that  no  great  resistance  can  be  introduced  into  the  circuit  if  th^ 
cnl  is  not  to  be  completely  stopped.  Such  galvanometers  are  called 
^multipliers.  The  delicacy  of  this  apparatus  is  su  great  that  the  heat 
of  the  band  is  enough,  at  a  distance  of  a  yard  from  the  pile,  to  deflect  the 
needle  of  the  galvanometer. 

}n  ttsmg  it  for  measuring  temperature,  the  relation  of  the  deflection  of  the 
needle,  «nd  therefore  of  the  strength  of  the  current,  to  the  difference  of  the 
lemperatures  of  the  two  ends  must  be  detennined.     That  known,  the  tem- 
\  of  the  ends  not  exposed  to  the  source  of  heat  being  known,  the 
I  deflection  gives  the  temperature  of  the  other,  and  therewith  the 
ttensity  of  the  source  of  heat. 
947«  Froyertiev  «na  uses  ar  tli«nno* electric  dartevts* — Thermo-elec^ 
trie  canems  arc  of  extremely  low  pottntiaU  but  of  gitat  constancy:  for  their 
site  junctions^  by  means  of  melting  ice  and  boiling  water,  can  ciisiiy  be 
[  o'and  100**  C  On  this  account,  Ohm  used  ihem  in  the  t-  il 

ilisbment  of  his  law.     They  can  produce  all  the  actions  of  t^  ry 

in  kind,  though  in  less  degree.  By  means  of  a  thenno-electrical  pile 
sting  of  769  elements  of  iron  and  German  silver,  the  ends  of  which 
dmbred  In  temperature  by  about  10^  to  1 5%  Kohlrausch  proved  the  presence 
of  f*—  '"^^^ffivc  and  negative  electricity  at  the  two  ends  of  the  open  pile 
te?;  He  found  that  the  potential  of  the  free  electricity  was  nearly 

pfvporiifmai  lo  the  number  of  elements,  and  also  that  the  electromotive  force 
oC  a  single  element  under  the  above  circumstances  was  about  jj^^  that  vA  a 
DanieU's  element  On  account  of  their  low  potential,  thermo-electric 
I  produce^only  feeble  chemical  actions.  Botto,  however,  with  1 20  platinum 
I  inm  vrires,  has  decomposed  water 
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948.  Tbermo*elee trie  diagram. — Tbermo-electric  relations  atay  be  %tr) 

conveniently  ilJusirated  by  means  of  what  is  called  the  ikerm^-^tfttrU  A^ 
gram.  In  fig.  S91  the  abscissae  represent  the  temperatures  of  tbc  j 
on  the  centigrade  scale.  If,  now,  the  th^rmo- electric  departnaenf  of  m 
metal  with  another^  taken  as  standard,  be  determined  for  any  gtven  Vaop^ 
rature,  the  corresponding  differences  of  potential  are  represented  by  10 
ordinate  according  to  a  definite  scale.  In  the  diagram  the  ordinatet  rtprf^ 
sent  microvolts  (964),  and  lead  is  taken  as  standard.  A  line  i^hich  cotkBCOi 
the  ordinates  thus  determined  is  called  a  ik^rmo-ittctric  line  ;  the  [tnci^ 
here  represented  as  straight,  though  some»  such  as  iron  and  nickel,  prCMtf 
distinct  sinuosities  and  may  thus  cross  the  straight  line  belcm^tnt;  to  i 
metal  more  than  once^  indicating  therefore  more  than  one  n*  - 

It  will  be  seen  that,  if  we  know  the  differences  of  p<  1  i  aay  tw 

metals  in  respect  of  lead,  the  thermo-electrical  lines  pve  us  the  diHei^Kei 
of  potential  of  these  two  metals  directly.  If,  for  example,  fur  :hc  mrtiJ* 
copper  and  iron   the  junctions  are  heated  to  o^  and   ico*  tc  the 

mean  temperature  is  50% and  the  difference  of  the  lwt>  ordin*!:^  ,  ,  .  ^iti 
the  thermo-electric  force  of  the  combination  for  this  mean  temperusti;*  ^ 
metal  at  !he  top,  rnpper,  hein;:^  flcctroj^osTtivr'  •.  the  ir**-^  *-  ^^      t  ^  t^rrprr^f-* 


the  total  I  he  rmo' electric  force  in  the  circuit.  If  the  tem|>eracttte9  iif  rJirl»» 
junctions  were  300^  and  500",  the  mean  temperaiure  wilt  -  '  -  :—*  id 
the  difference,  j^y,  would  represent  the  thermo-electric  f  '^ 

case  would  be  from  iron  to  copper  ;  that  is,  iron  is  now  eiccTropusjtjW 
to  copper. 

The  point  h  where  two  lines  cross  one  another,  and  where^  tl 
is  no  electromotive  force,  represents  the  neutral  temperature,  or  ( 
of  inversion  (940) ;  for  copper-iron  this  is  at  276^  for  iroi|.aulait»D  ititat  W* 
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949,  Beciiiter«l's  «l€Gtrle  pyrometer — This  apparatus  is  an  improved 
form  of  one  originally  devised  by  Pouillet,  It  consists  (6g.  892)  of  two  wires, 
Ofie  of  plfltinum  and  the  other  of  paJIadium,  both  two  metres  in  length  and 
a  iqiiare  millimetre  in  section.  They  are  not  soldered  at  the  cnds>  but  firmly 
lied  for  a  distance  of  a  centimetre  with  fme  platinum  wire.  The  palladium 
wire  is  enclosed  in  a  thin  porcelain  tube  ;  the  platinum  wire  is  on  the  outside, 
and  the  whole  is  enclosed  in  a  larger  porcelain  tube,  P.  At  the  end  of  this 
IS  the  junction,  which  is  adjusted  in  the  place  the  temperature  of  which  is  to 
be  investigated.    At  the  other  end  project  the  platinum  and  palladium  wires 


Fit'  *<t^^ 

II,  which  are  soldered  to  two  copper  wires  that  lead  the  current  to  a 
^itm4tfr^  G*    These  wires  at  the  junction  are  placed  m  a  glass  tube 
I  in  ice,  so  that,  being  both  at  the  same  tcmperatisrc,  they  give  rise 
to  no  current. 

The  magnetometer,  which  was  devised  by  Weber,  is  In  cITect  a  large 
filfanametcr.  It  consists  of  a  magnetised  bar,  a  hy  placed  in  the  centre  of 
a  copper  frame,  which  deadens  the  oscillations  (904)  and  retts  on  a  stimip, 
H,  vhkii  in  turn  Is  suspended  to  a  long  and  very  fme  platinum  wire.  On 
'  rttimip  «  6xed  a  mirror,  M,  which  moves  with  ih©  m^gntVMkd  giv«^ 
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by  reflection  the  image  of  divisions  traced  on  a  horizontal  scale,  £,  at  a 
distance.  These  divisions  are  observed  by  a  telescope.  With  this  viev, 
before  the  current  passes  the  image  of  the  zero  of  the  scale  is  made  to  cob- 
cide  with  the  micrometer  wire  of  the  telescope  :  then  the  slightest  deilectioo 
of  the  mirror  gives  the  image  of  another  division,  and  therefore  the  angular 
deflection  of  the  bar  (522).  This  angle  is  always  small,  and  should  Dot 
exceed  3  or  4  degrees  :  this  is  effected  by  placing,  if  necessary,  a  rheostat  ^ 
any  resistance  coil  in  the  circuit.  The  angular  deflection  being  kno^m,  the 
intensity  of  the  current  and  the  temperature  of  the  junction  are  deduced 
from  pyrometric  tables.  These  are  constructed  by  interpolation  when  the 
strengths  are  known  which  correspond  to  two  temperatures  near  those  to  be 
observed.  The  indications  of  the  pyrometer  extend  to  the  fusing  point  d 
palladium. 

950.  Peltier's  experiment. — When  on  a  bar  of  bismuth,  B  B',  cut  half- 
way through  at  its  centre  (fig.  893),  is  soldered  a  bar  of  antimony  with  a 
similar  cut,  and  when  the  ends  A  and  B  are  connected  with  a  galvanometer, 
the  needle  of  the  galvanometer  is  deflected  in  one  direction  when  the  jonctioo 
is  heated,  and  in  the  other  when  it  is  cooled. 

Peltier  found  by  means  of  this  apparatus,  which  is  known  as  PeUkrs 
cross,  that  when  the  end  A'  was  connected  with  one  pole,  and  B'  with  the 
other  pole  of  a  voltaic  element,  so  that  a  current  passed  from  A'  through  tlie 
•junction  to  B',  the  needle  was  deflected  in  such  a  direction  as  to  show  tbat 
the  junction  was  heated  when  the  positive  current  passed  from  A'  to  B\ 
while  it  was  cooled  when  the  current  passed  in  the  opposite  dircctioa 
This  is  called  the  Peltier  effect.  In  order  to  show  the  cooling  effect,  this 
experiment  may  be  made  by  hermetically  fixing  in  two  tubulures  in  an  air 
thermometer  a  compound  bar  consisting  of  bismuth 
and  antimony  soldered  together,  in  such  a  manner 
that  the  ends  project  on  each  side.  The  projectii^ 
parts  are  provided  with  binding  screws,  so  as  to  aDo« 
a  current  to  be  passed  through.  When  the  positiit 
current  passes  from  the  antimony  to  the  bismuth,  the 
air  in  the  bulb  is  heated,  it  expands,  and  the  liquid  ifi 
the  stem  sinks  ;  but  if  it  passes  in  the  opposite  direc- 
tion the  air  is  cooled,  it  contracts,  and  the  liquid  rises  in  the  stem.  The 
current  must  not  be  too  strong ;  that  of  a  single  Bunsen's  cell  is  usualh 
sufficient ;  it  is  best  regulated  by  a  rheostat  (949). 

By  making  a  small  hole  at  the  junction  of  a  bismuth  and  antimony  bar.  ii 
which  was  placed  a  drop  of  water  and  a  small  thermometer,  the  whole  bciCj! 
cooled  to  zero,  Lenz  found  that  when  a  current  was  passed  from  bismuth 
to  antimony  the  water  was  frozen  and  the  thermometer  sank  to  35*^C. 

The  Peltier  effect  is  independent  of  the  heating  produced  when  a  current 
traverses  any  conductor,  and  which  may  be  called  the  frictional  heating  or 
Joule  effect.  The  heat  due  to  this  cause  is  proportional  to  the  square  of  the 
current,  to  the  resistance,  and  to  the  time,  /,  and  is  independent  of  the  direciiiY. 
of  the  current  (830)  ;  while  the  Peltier  effect  is  proportional  to  the  strength  oi 
the  current  and  to  the  time,  and  is  reversible  with  its  direction.  This  sugct>*j 
a  method  of  determining  the  effect  in  question.  If  this  be  called  ^,  the  hea: 
due  to  it  will  be  J^C/,  and  that  due  to  the  frictional  heating  will  be  C*K/ 
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Hence  if  the. current  be  passed  so  that  in  one  case  the  Peliicr  effect  coincides 
vith  the  Jouie  effect,  while  in  the  other  it  is  opposed  to  that  effect,  we  shall 
liavc  for  the  total  heat  H  and  H'  in  the  two  cases  ;  H  «  C'R/+  jbC/,  and 
H'  -  OR/-  ^C/,  from  which 

^  2C/. 

That  the  Peltier  effect  is  independent  of  the  Joule  heating  has  been  in- 
vestigated by  Edlund,  by  a  method  the  principle  of  which  is  represented  in 

fig.  894.     M  and  N  are  two  bulbs,  n 

and  are  connected  by  a  narrow  glass  ^m^mm^^^^Sm 

tube,  in   which  is  a  drop  of  liquid 

lerving  as  index.    The  rods  of  metal 

K  and  B  are  fixed  airtight  in  the  bulbs, 

and  are  soldered  at  m  and  n,  while 

the    free  ends   can    be    connected 

vith   a  battery.     If  the  pieces    m 

and    n    inside    the    glass    vessels 

offer  the  same  resistance,  and  these 

ressels  are  of  the  same  size,  when  the 

current  passes  the  Joule  effect  is  the 

tame  in  each  case,  and  consequently 

the  index  is  equally  pressed  in  opposite  directions  and  therefore  does  not  move. 

But  the  Peltier  effect  is  opposite  in  the  two  vessels,  and  produces  a  displace- 

nient  of  the  index,  from  which  the  change  of  temperature  can  be  deduced. 

These  experiments  form  an  interesting  illustration  of  the  principle,  that 
■rhenever  the  effects  of  heat  are  reversed  heat  is  produced  ;  and  whenever 
the  effects  ordinarily  produced  by  heat  are  otherwise  produced,  cold  is  the 
result ;  for  cooling  takes  place  when  the  current  is  in  the  same  direction 
it  the  thermo-current  produced  at  the  junctions,  and  heating  when  the 
current  is  in  the  opposite  direction. 


!•*»«•  894- 
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CHAPTER   IX, 

DETERMINATION   OF  ELECTRICAL  CONSTANTS. 

95 1 •  Slieostat.— A  Rheostat  is  an  instrument  by  which  the  resistance 
of  any  given  circuit  can  be  increased  or  diminished  without  openiDg  the 

circuit.  The  original  form  in\tnted 
by  Wheatstone  consists  of  two  parallel 
cylinders,  one,  A,  of  brass,  the  othrr, 
B,  of  wood  {^z,  895).  In  the  latter 
there  is  a  spiral  groove,  which  tenni- 
nates  at  <i  in  a  brass  ring,  to  which  is 
fixed  the  end  of  a  fine  brass  wire.  This 
wire,  which  is  about  40  yards  loo^  '0 
partially  coiled  on  the  groove  ;  it  passes 
to  the  cylinder  A,  and,  after  a  great 
number  of  turns  on  this  c>'lindcr.  is 
fixed  at  the  extremity  e.  Two  binding 
screws,  n  and  r?,  connected  with  the 
battery,  communicate  by  two  sted 
plates  ;  one  with  the  c>'linder  .\,  the 
other  with  the  ring  a. 

When  a   current   enters    at  t.  - 


Fig.  895. 


simply  traverses  that  portion  ot  the  wire  rolled  on  the  c>'lindcr  B,  where  *> 
windings  are  insulated  by  the  grooves  ;  passing  thence  to  the  cylinder  K 
which  is  of  metal,  and  in  contact  with  the  wire,  the  current  passes  directly 
to  ;;/,  and  thence  to  ;/.  Hence,  if  the  length  of  the  current  is  to  be  in- 
creased, the  handle  ^must  be  turned  from  right  to  left.  If,  on  the  contranr. 
it  is  to  be  diminished,  the  handle  is  to  be  fixed  on  the  axis  r,  and  nirring 
then  from  left  to  right,  the  wire  is  coiled  on  the  cylinder  A.  The  length  at 
the  circuit  is  indicated  in  feet  and  inches,  by  two  needles,  at  the  cod  '^ 
the  apparatus  not  seen  in  the  figure,  which  are  moved  by  the  cylinders  A 
and  B. 

952.  Betermlnatlon  of  tbe  resUtaaoe  of  a  oondmetMr.  Bc4Mi< 
longtb. — If  in  the  circuit  of  a  constant  element  a  tangent  gal\*anome!er  be 
interposed,  a  certain  deflection  of  the  needle  will  be  produced.  It  then,c!it- 
ferent  lengths  of  copper  wire  of  the  same  diameter  be  successively  interpo^d. 
corresponding  deflections  will  in  each  case  be  produced.  Let  us  supple 
that  in  a  particular  case  the  tangent  of  the  angle  of  deflection  (823'  ohsen^i 
with  the  clement  and  tangent  galvanometer  alone  was  1*88,  and  that  «?J« 
5,  40,  70,  and  100  yards  of  copper  wire  were  successively  placed  in  t?* 
circuit,  the  tangents  of   the  corresponding  deflections  were  0*849,  o  i'- 
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0*105,  and  0*074.  Now,  in  this  cxperimetit,  the  total  resistance  consists  of  two 
oomponents— the  resistance  offered  by  the  clement  and  the  tangent  gal- 
vanometer, and  the  resistance  offered  by  the  wire  in  each  case  The  former 
resistance  may  be  supposed  to  be  equal  to  the  resistance  of  ,v  yards  of  copper 
wire  of  the  same  diameter  as  that  used,  and  then  we  have  the  following 
relations  :— 

Length  oj  ivtre.  Tangent  oj  angle  0/ deflect wtu 

X         yards    .......     r88 

^^S  ^^ o'i*49 

Jr+4o  n 0172 

^-►70  „ 0*105 

r-noo  „ 0-074 

If  chc  intensities  of  the  currents  are  inversely  as  the  rcftisiances-— that  i», 
tthe  lengths  of  the  circuits — the  proportion  must  prevail, 

jr:  4- -I- 5  •0-849:  1-886  ; 

firom  which  J-- 4-11,  Combining,  in  hkc  manner,  the  other  observations,  we 
get  a  scries  of  numbers,  the  mean  of  which  is  408,  That  is,  the  resistance 
oAered  by  the  element  and  galvanometer  is  equal  to  the  resistance  of  4-08 
yards  of  such  copper  wire,  and  this  is  said  to  be  the  reduced  length  of  the 
clement  and  galvanometer  in  terms  of  the  copper  wire* 

I  (  is  of  great  scientific  and  practical  importance  to  have  a  unit  or  standard 
mf  Hfimp^aris&M  of  resistance,  and  numerous  such  have  been  proposed,  Jacobi 
the  resistance  of  a  metre  of  a  special  copper  wire  a  millimetre  in 
cter  Copper  is,  however,  ill  adapted  for  the  purpose,  as  it  is  difficult 
abuin  pure,  Matthiessen  proposed  an  alloy  0/  gold  and  silver,  contain^ 
\  two  parts  of  gold  and  one  of  silver  ;  its  conducting  power  is  very  little 
by  impiuritics  in  the  metals,  by  annealing,  or  by  moderate  changes 
apetamte. 
[Sitwunf  unit  is  a  metre  of  pure  mercury,  having  a  section  of  a  square 
lllmeiTe,  Its  actual  material  reproduction  for  ordinary  use  is  a  German 
wire  y%  metres  tn  length  and  0-9  nun,  in  diameter,  ft  it  €r^$34  ^ 
ohm  (963)-  A 
te  o€  Nfx  16  pure 
copper  wtrc  rcpre* 
l^is  a  resistaiMre 
df  11-67  ohms. 

L — ^Tht  actual  ^^^^fc^.*'^  *p 

I  prodoction 
iMsadani  resift- 
!  ii  ofdisiarily  a 
i  liiH^ili  oCwire 
aua  deli- 
st, a«id  Is 

>  cM*    An  aIlo>' 
off  Apcr  wrth  ^xoctt  \  of  plattityro  k  beat,  ai  it  is  very  , 
^mamot  wwnit%  Sttle  with  increase  of  tetx^ieratirre,    Socti  reatscaiKC  cotia  art 
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usually  employed  in  what  are  called  resistance  boxes  (fig.  896).  Fig.  897 
represents  the  way  in  which  resistance  coils  are  affixed  inside  the  box.  Oi 
the  top  of  the  box,  which  is  of  slate  or  ebonite,  are  a  number  of  solid  pris- 
matic pieces  of  brass  fi3ced  a  btde 
distance  apart ;  at  their  ends  ait 
conical  perforations  in  which  fit  brass 
plugs.  Inside  the  box  are  fitted  10 
these  brass  pieces  the  various  len^ 
of  wires  which  represent  very  accu- 
rately the  resistances  ;  they  vt 
covered  with  insulated  wire,  and  ait 
wound  double,  so  as  to  neutralise  asjf 
extraneous  inductive  action.  Iftk 
terminals  of  a  circuit  are  connected 
with  T  T',  fig.  897,  and  all  the  plugs  are  inserted,  the  resistance  box  oflfen  » 
appreciable  resistance,  for  the  current  passes  by  the  plugs  and  the  massiie 
metal  ;  but  by  taking  out  any  of  the  plugs  the  current  has  to  pass  through  the 
wire  coil  between  the  two  brass  pieces,  and  thus  its  resistance  is  introdooed 
In  figure  896  this  represents  the  use  of  a  resistance  of  74  ohms. 

The  coils  are  in  multiples  and  submultiples  of  ohms,  and  are  so  amagcd 
that  their  combination  may  be  as  greatly  varied  with  as  few  resistances  as 
possible.  Thus  a  set  of  eleven  coils  of  ci,  02, 0*2,  0*5,  2,  2,  5,  10,  lo,  20^  aod 
50  enables  us  to  introduce  any  resistance  from  O'l  to  icx>  into  the  circuit 

Resistance  boxes  have  almost  entirely  superseded  the  rheostat  and 
similar  instruments.  They  are  more  accurate,  and  not  nearly  so  likely  to 
suffer  from  use. 

954.  Absolute  measure  of  eleotrloal  resistance. — When  the  resistance 
of  any  conductor  has  been  measured  and  expressed  by  reference  to  any  d 
the  standards  of  resistance  mentioned  in  the  preceding  paragraph,  the  nam- 
ber  denoting  the  result  of  the  measurement  still  does  not  tell  us  what  the 
resistance  of  the  conductor  in  question  really  is  ;  it  only  tells  us  what  mul- 
tiple it  is  of  the  resistance  of  the  particular  conductor  with  which  the  com- 
parison has  been  made.  It  gives  us  merely  a  relative  and  not  an  absobiU 
measure.  Just  in  the  same  way,  if  we  are  told  that  the  pressure  of  the  steam 
in  a  boiler  is  equal  to  (say)  8  atmospheres  (157),  this  statement  does  not  in 
itself  enable  us  to  form  any  estimate  of  what  the  actual  pressure  of  the  steam 
is  ;  it  only  tells  us  that,  whatever  the  pressure  of  an  atmosphere  may  be* 
that  of  the  steam  is  8  times  as  great  In  order  that  we  may  be  able  to  cir- 
culate what  effects  the  pressure  of  the  steam  is  capable  of  producing,  «e 
require  to  have  it  stated  in  absolute  measure — that  is,  not  how  much  greater 
or  less  it  is  than  some  other  pressure — but  what  actual  force  is  exerted  b>* »: 
on  each  unit  of  surface.  So,  for  very  many  purposes  we  require  absolute 
measures  of  electrical  resistance,  instead  of  mere  comparisons  of  the  resist 
ance  of  one  conductor  with  that  of  another. 

To  see  how  it  is  possible  to  get  an  absolute  measure  of  resistance,  »y 
must  go  back  to  the  fundamental  meaning  expressed  by  the  teraL  K  ^ 
any  means  whatever,  a  definite  electromotive  force  or  difference  of  poceniiai  & 
maintained  between  any  two  given  cross-sections  of  a  conductor,  a  consun- 
electric  current  flows  from  one  cross-section  to  the  other,  and,  for  the  saJt 
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conductor,  the  ratio  of  the  electromotive  force  to  the  strength  of  the  resulting 
current  is  constant.  That  is,  if  £1,  £9,  £3,  .  .  .  be  various  values  succes- 
sively given  to  the  electromotive  force,  and  Ci,  C,,  C^  .  .  .  be  the  corre- 
sponding strengths  of  the  current,  then 


^>-  ^«-  ^«-.  .  .  -R  (a  constant). 

^1       ^i       ^s 


This  constant  ratio  of  electromotive  force  to  strength  of  current  is  charac- 
teristic of  the  individual  conductor  employed,  and  is  called  its  electrical 
reshiance.  And,  when  the  resistance  of  a  conductor  is  stated  as  the  value 
of  the  ratio  in  question,  the  statement  gives  us  the  absolute  measure  of  the 
resistance :  that  is,  it  gives  us  definite  information  about  the  electrical  pro- 
perties of  that  particular  conductor  without  implying  a  comparison  of  it  with 
my  other  conductor. 

Hence  it  appears  that  the  absolute  resistance  of  a  given  conductor  is 
determined  if  we  can  ascertain  the  ratio  of  any  electromotive  force  to  the 
strength  of  the  current  which  it  is  capable  of  producing  in  the  conductor  in 
ipiestion.  It  is  not,  however,  needful  to  make  an  independent  measurement 
oir  this  ratio  in  the  case  of  every  conductor  whose  resistance  we  require  to 
know ;  it  is  sufficient  to  determine  it  once  for  all  for  some  one  conductor,  and 
dien,  taking  this  conductor  as  a  standard,  to  compare  the  resistance  of  other 
conductors  with  that  of  this  one,  by  means  of  Wheatstone's  Bridge  (948), 
or  any  other  convenient  method. 

The  methods  available  for  determining  the  ratio  between  electromotive 
iarce  and  resistance,  required  for  an  absolute  measurement  of  resistance, 
depend  on  the  electromagnetic  phenomena  presented  by  electric  conductors 
and  currents ;  it  will  be  sufficient  here  to  indicate  the  general  principles 
opon  which  such  methods  can  be  founded.  From  what  has  been  said  it  will 
be  seen  that  any  method  for  this  purpose  involves  a  measurement  of  electro- 
motive force  and  a  measurement  of  the  strength  of  a  current.  It  will  be 
coovenient  to  treat  these  two  parts  of  the  process  separately. 

A.  Absolute  measurement  of  electromotive  force. — When  any  electric 
conductor  is  moved  in  a  magnetic  field  (707),  that  is  to  say,  in  any  region 
where  there  is  magnetic  force,  an  electromotive  force  is  in  general  developed 
in  the  conductor  during  its  motion.  The  magnitude  of  this  electromotive 
force  depends  upon  the  strength  of  the  magnetic  field,  on  the  length  and 
form  of  the  conductor,  and  on  the  velocity  and  direction  of  its  motion.  The 
simplest  case  is  presented  by  a  straight  conductor,  with  its  length  perpen- 
dicular to  the  direction  of  the  force  in  a  uniform  magnetic  field,  and  moving 
at  right  angles  to  its  length  and  to  the  direction  of  the  force.  If  T  be  the 
strength  of  the  field,  /  the  length  of  the  conductor,  and  v  the  velocity,  the 
elearomotive  force  £  is 

Y.^kTlv, 

where  k\S2L  constant,  depending  on  the  unit  adopted  for  the  measurement 
of  electromotive  force.  If  we  define  the  unit  of  electromotive  force  as  that 
which  is  developed  in  a  conductor  of  unit  length  moving  (\x\  the  way  specified 
above)  with  unit  velocity  in  a  magnetic  field  of  unit  intensity^  the  constant  k 
becomes  «  I9  and  the  value  of  £  is 

£-T/t/. 
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If  the  length  and  the  direction  of  motion  of  the  conductor  are  not  at  right 
angles  to  the  direction  of  magnetic  force,  we  must  project  both  on  a  plane 
perpendicular  to  the  direction  of  the  force  ;  thus,  if  the  conductor  is  inclined 
at  an  angle  a,  and  moves  in  a  direction  making  an  angle  /9,  both  being 
measured  from  the  direction  of  magnetic  force,  the  electromotive  force 
becomes 

E-T/sin  a.  z/  sinjS. 

If  the  conductor  is  bent  in  any  way,  so  that  a  has  different  values  for  different 
parts,  and  if  the  direction  or  velocity  of  its  motion  varies  from  one  part  to 
another,  we  may  conceive  of  it  as  divided  into  a  great  number  of  equal  parts, 
each  so  small  that  no  sensible  variation  of  a,  fiy  or  v  can  occur  within  it,  «t 
may  calculate  the  electromotive  force  due  to  each  of  these  snudl  parts  taken 
separately  by  the  last  formula,  and  then,  adding  all  the  results  together,  ire 
obtain  the  electromotive  force  developed  in  the  whole  conductor.  A  little 
consideration  will  show  that  the  following  statement  is  equivalent  to  that  just 
given  :  namely,  the  electromotive  force  generated  in  a  conductor  mo\'ing 
in  any  manner  in  a  magnetic  field  is  proportional  at  each  instant  to  the 
rate  of  variation  of  the  area  swept  over  by  its  projection  an  a  plane  perpen- 
dicular to  the  direction  oj  the  magnetic  force  ;  and  the  average  electromoti^'e 
force  acting  in  the  conductor  during  any  interval  of  time  is  proportkmal 
directly  to  the  total  area  swept  over  by  its  projection  during  the  interval, 
and  inversely  to  the  length  of  the  interval. 

In  order  to  apply  practically  the  principles  that  have  been  pointed  oai, 
it  is  most  convenient  to  take  advantage  of  the  magnetic  field  due  to  the 
magnetism  of  the  earth.  Throughout  any  moderate  space  at  a  distance 
from  magnets  or  masses  of  iron,  the  magnetic  force  due  to  the  earth  is 
uniform  in  intensity  and  direction.  Suppose,  then,  a  circular  conducting 
ring,  placed  so  that  its  plane  is  perpendicular  to  the  direction  of  the  eanh's 
magnetic  force— that  is,  to  the  direction  of  the  dipping  needle — to  be  turned 
through  half  a  revolution  about  one  of  its  diameters ;  we  may  regard  its  pro- 
jection on  a  plane  perpendicular  to  the  direction  of  the  earth's  force  to  be 
made  up  of  the  projections  of  the  two  semicircles  into  which  it  is  divided  by 
the  axis  of  rotation.  During  the  half-turn  made  by  the  ring,  the  projection 
of  each  semicircle  sweeps  through  an  area  equal  to  that  of  the  whole  ring : 
but  one  projection  passes  over  this  area  in  one  direction,  and  the  other  in 
the  opposite  direction.  Consequently,  equal  electromotive  forces  arc  gen^ 
rated  in  the  two  halves  of  the  ring,  in  opposite  directions  as  regarded  from 
outside,  but  both  in  the  same  direction  if  considered  as  tending  to  produce  a 
current  round  the  ring  :  the  total  electromotive  force  is  therefore  the  sum  oi 
the  forces  in  the  two  halves,  and  if  r  be  the  radius  of  the  ring  and  therefore 
jrr^  its  area,  and  n  the  number  of  revolutions  per  second,  so  that  the  time 

occupied  by  each  half-revolution  is  — ,  the  average  electromotive  force  act- 
ing in  the  ring  as  it  rotates  uniformly  about  a  diameter,  is 

2T.7rr*-7-^  -4T7rr»/f, 
2n 

where  T  stands  for  the  whole  intensity  of  the  earth's  magnetic  force.  Ii. 
instead  of  a  single  ring,  we  have  a  circular  coil  of  wire  of  u  convolutions, 
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and  if  the  axis  of  rotation  makes  any  angle  a  with  the  line  of  dip,  the  elec- 
tromotive force  due  to  the  rotation  of  the  coil  is 

E  =  ^Tnr^nu  sin  a. 

Consequently,  the  rotation  of  a  coil  of  wire  under  the  circumstances  named 
furnishes  the  means  of  obtaining  an  electromotive  force,  the  absolute  value 
of  which  is  given  by  the  intensity  of  the  magnetic  field,  the  dimensions  and 
speed  of  the  coil,  and  the  position  of  its  axes  of  rotation.  If  we  can  deter- 
mine the  strength  of  current  which  this  electromotive  force  is  capable  of 
producing  in  a  given  conductor,  the  absolute  resistance  of  the  conductor  is 
at  once  known. 

B.  Absolute  measurement  of  the  strength  of  currents, — The  method  of 
measuring  the  strength  of  electric  currents  is  founded  on  the  fact  that  a 
force  is  exerted  between  a  conductor  carrying  a  current  and  any  magnetic 
pole  in  its  neighbourhood.  In  general,  both  the  distance  and  the  direction, 
as  seen  from  a  given  magnetic  pole,  vary  from  point  to  point  of  the  con- 
ductor, so  that  it  is  generally  impossible  to  give  any  simple  statement  of 
the  law  according  to  which  a  given  current  acts  upon  a  magnetic  pole  in  a 
given  position.  But,  if  we  consider  only  a  very  small  length  of  a  current, 
neither  the  distance  of  its  various  points  from  a  given  magnetic  pole,  nor 
their  directions,  can  vary  to  a  sensible  extent ;  and  when  these  two  condi- 
tions are  constant,  the  law  of  the  force  between  the  current  and  the  pole 
may  be  stated  as  follows :  As  to  direction  the  force  is  perpendicular  to  a 
plane  containing  the  current  and  the  pole,  and  acts  upon  a  north  pole,  to- 
wards the  left  hand  of  an  observer  looking  at  the  pole  from  the  line  of  the 
current,  and  so  placed  that  the  nominal  direction  of  the  current  is  from  his 
feet  to  his  head,  or,  upon  a  south  -pole,  towards  the  right  hand  of  an  obser- 
ver similarly  placed  ;  as  to  magnitude,  the  force  is  proportional  directly  to 
the  length  (/)  and  to  the  strength  (C)  of  the  current,  to  the  strength  of  the 
magnetic  pole  (m),  and  to  the  sine  of  the  angle  {B)  made  by  the  direction  of 
the  current  with  a  straight  line  drawn  from  it  to  the  pole,  and  inversely  to 
the  square  of  the  distance  {r")  from  the  current  to  the  pole.  Hence,  if  the 
force  be  denoted  by/  we  have 

f^f^-sme, 

where  >t  is  a  constant,  depending  on  the  units  in  which  the  numerical  values 
of  the  various  quantities  are  expressed.  If  we  define  the  unit  strength  of 
current  as  the  strength  of  a  current  of  which  unit  length  placed  at  unit  dis- 
tance from  a  magnetic  pole  of  unit  strength^  and  making  everywhere  a  right 
angle  with  a  line  drawn  from  it  to  the  pole ^  exerts  unit  force  on  the  pole^  k 
becomes  unity,  and  we  have 

/-  ^a^!  sin  d,  or  C  -  -/"l^-.. 
•^      r^^  '  ml  sm  B 

The  most  convenient  way  of  founding  upon  these  principles  a  practical 
measurement  of  the  strength  of  a  current  is  to  cause  the  current  to  go  one 
or  more  times  round  a  vertical  circle  of  known  radius  placed  in  the  plane 
of  the  magnetic  meridian,  with  a  very  short  magnet  suspended  at  the  centre. 
This  is  the  arrangement  of  the  tangent  galvanometer  already  described 
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(823).  If  H  is  the  intensity  of  the  horizontal  compooent  of  tbe  earth's  maf- 
netic  force,  the  force  which  must  be  exerted  upon  eadi  pole  of  a  magnet 
whose  poles  are  of  the  strength  -f  m  and  — m,  in  a  direction  perpen&nlar 
to  the  magnetic  meridian,  in  order  to  deflect  the  magnet  through  an  ax^ 
yis 

/«  H«r  tan  y. 

Putting  this  value  of/ into  the  expression  given  abo\*e  for  the  strength  erf 
a  current,  we  have 

P  ^  H/«  tan  y  r^ 
ml  sin  6 

But  in  the  case  supposed,  that  of  a  tangent-galvanometer  with  the  cnrroit 
going  u'  times  round  the  circle,  we  have  l^yf^ma^  if  tf  is  the  radius  of  the 
circle  ;  moreover,  the  distance  r'  of  each  part  of  the  current  from  the  magnet 
is  constant  and  equal  to  the  radius,  or  r'  -  tf,  and  the  angle  B  b  also  constant, 
being  everywhere  a  right  angle,  so  that  sin  ^-  i ;  consequently  we  get  fcr 
the  strength  of  the  current  in  absolute  measure, 

C  -       ,        tan  y tan  y. 

mu2na         '      2wu'         ' 

We  have  thus  shown  how  both  electromotive  force  and  strength  of  cur- 
rent can  be  measured  in  absolute  units,  and  if  these  two  measurements  be 
combined,  the  ratio  of  the  numerical  value  of  the  electromotive  force,  acting 
in  a  conductor,  to  that  of  the  strength  of  the  resulting  current,  is  the  measure 
of  the  resistance  of  the  conductor  in  question.  Using  the  notation  employed 
above,  this  leads  to  the  following  expression  for  the  absolute  measure  of  re- 
sistance, 

o     E     4  Trrr^un  sin  a  .  2iri/' 
C  H  r'  tan  y 

Various  practical  methods  of  measurement  founded  upon  this  principle  hate 
been  devised,  and  when  any  of  them  is  employed  the  value  of  the  resistance 
under  investigation  is  obtained  by  putting  in  this  formula  the  values  of  elec- 
tromotive force  and  strength  of  current  that  result  from  the  particuUr 
arrangement  adopted. 

It  may  be  observed  with  regard  to  the  above  expression,  that  the  factors 
jT,  I/,  u\  sin  a  and  tan  ft  are  all  of  them  simple  numbers,  that  T  and  H  are 
quantities  of  the  same  kind,  so  that  their  ratio  is  also  a  pure  number.  The 
only  factors  which  involve  reference  to  physical  units  are  therefore  r-\  r  and 
/I,  and  the  two  former  being  both  distances,  the  ratio  r^-r-r'  is  the  first  power 
of  a  distance,  while  n,  the  number  of  revolutions  per  unit  of  time,  is  the  re* 
ciprocal  of  the  time  occupied  by  a  single  revolution.  Hence  the  exprcssioa 
for  the  absolute  resistance  of  a  conductor  is  in  all  cases  reducible  to 

a  distance  ^  ^  numerical  factor  ; 
a  tmie 
that  is  to  say,  electrical  resistance  may  be  expressed  in  terms  of  the  units  of 
length  (or  distance)  and  time  in  the  same  manner  as  a  velocit>*,  and  tbe 
natural  unit  of  resistance,  like  the  natural  unit  of  velocity,  would  be  repre- 
sented by  a  unit  of  length  per  unit  of  time.  Adopting  the  C.G.S.  system,  the  ab- 
solute unit  of  resistance  becomes  one  centimetre  per  second ;  such  a  resistance. 
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however,  is  so  small  that  resistances  commonly  occurring  in  practice  would 
have  to  be  represented  by  inconveniently  great  multiples  of  it  As  a 
practical  standard  of  resistance,  it  is,  therefore,  more  usual  to  employ  the 
oMm  (963),  which  is  a  resistance  of  one  thousand  million  centimetres  per 
second,  or 

lo®  centimetres 
I  second 

955.  y§nkemtmtone*m  brtdre. — The  various  methods  of  determining  the 
electrical  conductivity  of  a  body  consist  essentially  in  ascertaining  the  ratio 
between  the  resistance  of  a  certain  length  of  the  conductor  in  question, 
having  a  given  section,  to  that  of  a  known  length  of  a  known  section  of  some 
substance  taken  as  standard.  The  most  convenient  method  of  ascertaining 
experimentally  the  ratio  between  the  resistance  of  two  conductors  is  by  a 
method  known  as  that  of  Wheatston^s  bridge^  the  general  principle  of  which 
may  be  thus  stated  :— 

The  conductors,  which  may  be  denoted  by  AB  and  BC,  are  connected  end 
to  end,  as  shown  in  fig.  898,  and  one  end  of  each  is  also  connected  with  a 
battery,  say  the  end  A  of  AB  with  the  positive  pole,  and  the  encTC  of  BC 
with  the  negative  pole  ;  the  ends  that  are  in  connection  with  the  battery  are 
likewise  connected  together  by  another  conductor,  AB'C.  A  current  will 
thus  pass  from  A  to  C  by  each  of  the  two  paths  ABC  and  AB'C,  and  there 


Fig.89« 

will  be  a  gradual  fall  of  potential  in  passing  from  A  to  C  along  either  path, 
so  that  for  every  point  in  the  conductors  AB  and  BC  there  is  a  point  in  the 
wire  AB'C  which  has  the  same  potential.  If  one  end  of  a  galvanometer 
wire  BGB'  be  connected  with  the  point  of  junction  B,  the  point  of  AB'C 
which  has  the  same  potential  as  the  point  B  can  be  found  by  applying  the 
<Nher  end  of  the  galvanometer  wire  to  AB'C,  and  shifting  the  point  of  con- 
tact towards  A  or  C  until  the  galvanometer  shows  no  deflection.  Let  B'  be 
the  point  so  found  ;  the  fact  that  when  it  is  connected  with  B  by  the  bridge 
BGB'  no  current  passes  from  one  to  the  other  proves  that  the  potential 
at  \V  is  the  same  as  the  potential  at  B.  P>om  this  it  follows  that  if  r  and  r 
are  the  resistances  of  AB  and  BC  respectively,  and  s  and  s'  the  resistances 
€fAB'andB'C, 

r\r'ms\5\ 

If  the  conductor  AB'C  is  a  wire  of  uniform  material  and  diameter,  the 
ratio  of  the  resistances  s  and  s'  will  be  the  ratio  of  the  lengths  of  the  corre- 
sponding portions  of  wire,  and  can  therefore  be  at  once  really  ascertained. 

To  prove  this,  let  MN,  NO,  MN'  and  N'O'  (fig.  899)  be  taken  in  the 
stoie  straight  line,  proportional  respectively  to  the  several  resistances 
^  r',  J,  s' \  and  let  MP  be  drawn  at   right  angles  to  O'MO  of  a  length 
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proportional  to  the  difference  of  potential  between  the  points  A  and  C.  Hmd 
if  the  straight  lines  PO  and  PO'  be  drawn,  the  potential  at  N  (the  point  of 
junction  of  the  conductors  whose  resistances  r  and  r'  are  to  be  compared— 


Fig.  899. 

i^,  the  point  corresponding  to  B  in  the  previous  figure)  will  be  given  by  the 
length  of  the  line  NQ,  drawn  from  N  at  right  angles  to  NO  ;  and  the  point 
N'  (corresponding  to  B'in  the  previous  figure),  where  the  potential  is  the 
same  as  at  N,  will  be  found  by  drawing  QQ'  parallel  to  OC,  and  letting  fafl 
from  Q'  the  perpendicular  Q'N'  upon  O'M.  The  geometry  of  the  fignre 
gives  obviously. 


r        NQ 
r  +  r^'MP 

and  therefore  since  NQ-N,Q, 


and 


s^s'      MP' 


A  convenient  form  of  Wheatstone's  bridge,  and  one  well  adapted  J'  r 
purposes  of  instruction,  is  that  represented  in  fig.  900.  It  consists  of  a  Ion; 
mahogany  board,  on  which  is  fixed  a  thick  copper  band,  which  practically 
offers  no  resistance.     To  the  ends  of  this  band  is  fixed  a  straight  platirun 


(D-^ 


TZl 


Fig.  900. 

wire,  near  which  is  a  scale  divided  into  100  parts.  At  c  and  </arc  breiks 
in  the  copper  band,  provided  with  binding  screws,  in  which  are  introdc^rd 
the  resistances  to  be  compared,  O  and  x.  The  wires,  from  an  clenjea: 
which  gives  only  a  weak  current,  so  as  not  to  introduce  heating  effects,  rt 
connected  with  the  binding  screws  b  and  b\  Another  wire  connects  tbe 
binding  screw  g  and  one  end  of  a  sensitive  galvanometer,  the  other  ts^ 
of  which  is  connected  with  a  sliding  spring  contact-key  ^^  which  is  *o 
constructed  that  when  the  knob  is  depressed  a  knife-edge  makes  cootai^ 
with  any  part  of  the  wire.     The  resistances  to  be  compared  having  l)ee3 


-957]    Determination  of  Internal  Resistance  of  an  Element.     931 

introduced  at  c  and  dy  the  position  on  the  platinum  wire  is  found  by  trial, 
at  which,  when  the  key  is  depressed,  the  needle  of  the  galvanometer  is  not 
deflected.  When  this  is  found  for  instance  at  34,  the  resistance  of  O  :  the 
resistance  of  jr-  34  :  66. 

The  principle  of  Wheat  stone's  bridge  is  of  constant  use  in  the  measure- 
ments required  in  telegraphy,  and  many  other  applications  of  electricity. 
In  practice  the  variations  of  the  resistance  are  effected  by  means  of  resist- 
ance coils  (953)  suitably  arranged. 

The  resistance  of  a  galvanometer  may  be  determined  by  making  it  one 
of  the  four  conductors  of  a  Wheatstone's  bridge  arrangement,  replacing  it 
in  the  bridge  by  an  ordinary  contact-key.  The  resistances  of  the  other  con- 
ductors are  then  varied  until,  on  making  contact,  the  deflection  of  the  galva- 
nometer is  constant. 

956.  BqnlTalent  eondnetors. — The  resistance  of  a  conductor  depends, 
as  we  have  seen  (825),  on  its  length,  section,  and  conductivity.  Two  con- 
ductors C  and  Q\  whose  length,  conductivity,  and  section,  are  respectively 
X^^  K^\  »,C0',  would  offer  the  same  resistance,  and  might  be  substituted  for 
each  other  in  any  voltaic  circuit,  without  altering  its  strength,  provided  that 

...         ;  and  such  conductors  are  said  to  be  equivalent  to  each  other.     An 

KM         iCO» 

example  will  best  illustrate  the  application  of  this  principle. 

It  is  required  to  know  what  length  of  a  cylindrical  copper  wire  4  mm. 
in  diameter  would  be  equivalent  to  12  metres  of  copper  wire  i  mm.  in 
diameter. 

Let  X-  12  the  length  of  the  copper  wire  i  mm.  in  diameter,  and  X^  the 

length  of  the  other  wire ;  then  since  in  this  case  the  material  is  the  same,  the 

X      X' 
conductivity  is  also  the  same,  and  the  equation  becomes     -  -  .       Now  the 

CD        ft) 

sections  of  the  wires  are  directly  as  the  squares  of  the  diameters,  and  hence 

12    X^ 
we  have— -jj,  or  X'-  12  x  16-192.    That  is,  192  metres  of  copper  wire  4 

*      4 

mm.  in  thickness  would  only  offer  the  same  resistance  as  12  metres  of  copper 

wire  I  mm.  in  thickness. 

How  thick  must  an  iron  wire  be  which  for  the  same  length  shall  offer  the 
same  resistance  as  a  copper  wire  2*5  mm.  in'diameter.' 

Here,  the  length  being  the  same,  the  expression  becomes  ««  -  jrV,  or  since 
the  sections  are  as  the  squares  of  the  diameter,  Kcf^  -  «'</''.  The  conductivity 
of  copper  is  unity,  and  that  of  iron  0*138.  Hence  we  have  2 '5'  -//^  x  0*138 
or  iT*  -  6*25 -^  0*138 -45*3  mm.  or  d'^6'7  mm.  That  is,  any  length  of  a 
copper  wire  2*5  mm.  in  diameter  might  be  replaced  by  iron  wire  of  the  same 
length,  provided  its  diameter  were  6-7  mm. 

957.  SetermliiatlOB  of  tl&e  internal  resistanoe  of  an  elMBent. — The 
following  is  the  method  of  determining  the  internal  resistance  of  an  element. 
A  circuit  is  formed  consisting  of  one  clement,  a  rheostat,  and  a  galvanometer, 
and  the  strength  C  is  noted  on  the  galvanometer.  A  second  element  is  then 
joined  with  the  first,  so  as  to  form  one  of  double  the  size,  and  therefore  half 
the  resistance,  and  then  by  adding  a  length,  /,  of  the  rheostat  wire,  the 
strength  is  brought  to  what  it  originally  was.  Then  if  E  is  the  electromotive 
force,  and  R  the  resistance  of  the  element,  r  the  resistance  of  the  galvano- 
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Aar.ither  :i:us:iuvi  .a  :jac  iue  ix  Xiaaizs.  r!ie  armrTTr  whose  szeml 
fe^usc^Mutit  is  v^  be  desenuned  Ji  giarrrf  3l  nxe  m  dis  jxzzxs  jr  j.  Waeaoaae 
br^^  ift  ac  i4{:  >>c^  ^  r^ssaiuis  aos  'seixif  niargf  in  *Jie  nner.  Ibe  p^ 
i-a^jKjf^Jsr  A  'j-xsjtr^J^  v.=3.  dxe-suxs  if  :3e  vok.  jxxd.  x  ^mnir  cantact-gy a 
iiiD!T>ryied  :n  "ide  ^xcj.^aasrj  ztjoool  s  ck  jaLvamxnDCEs-.  ami  bv  rral  23  poai- 
t^Ai  :j^  i'AirA  irx  the  ^iTri-rag-  -rjimrr  asdi^ac  -vheix:  :ae  key  is  -iearessed  9D 
ijcencc^va  U  ycr^^z^js^.  =1  rite  •fi*^rrrint  if  die  ^vsxunxeser.  %%'ae  rbis 
»  ^/ir^i  tie  -or^i.rarT  c^afxauw  ic  rie  bruxins  joiiz*  dxar  -a.  ±ac  ihc  zoh 
j^vi->:r*  -/tlvt  r«ararre^  arc  «c=3L 


a^Wyvir^  ei^tncity  to  tra-ime  •rrr*.  x  preoer:?  wfccft  is  asraaed  -i.Tfc£i.r :-*?. 
i>r  we  may  c/>r.*>i<r  c«>i=croci  i=3cn»sec  is  j>  ^Jr'.!iii  is  viifigLLs^  az  corsu:* 
tir>  the  yoA^^^f:  *A  ejcctridty — ±ar  2*.  a.  reffionire  vaica  x  =s=st  o^Tcrr'xae. 
A  ;fvyi  fjnjti^r^'x  '■/itzy  a  feeiie  resLsasoe.  satL  a  baii  r3cii«*n?r  a  r^x. 
r«;i*arxit,     Oyr^d-ictivitr  aad  ressscazce  are  rie  iaxer^e  jf  each  z<hez. 

TJtt  'I'yr.'iic:: -.-;!>-  r>f  xactiis  has  bees  ==vescipceif  by  ^a=t  pcj-siosts  in- 
meth^^is  ar*a>j^'>:;i  :r.  jgeneral  id  thax  described  31  ibe  pgi^-**'^^  pura^raf^ 
and  very  <liff*Tent  re»u*!s  have  been  obcai=cfL  This  ar-ises  =sainl>  c-vMh  the 
vari'/j»  ^^;^re^s  of  p-rity  of  the  aperirr.vT.^  ii:-.*5C_,rt:ec-  re:  t'leir  n:clecul»r 
c/>ndi!K/Tj  his  a]v>  great  inn-esce.  Marthftssct  fcc=»d  th-»  ciferesioe  m  ::■!:• 
du/-tivity  *r,r*r*.w^^:n  hard -dra»i:  and  ar.r.r.t'ec  silrer  mrre  ::  i=:-.-^sr:  :o5v 
fr/r  copper  2  2,  ar.<l  for  ^oid  19  per  cent.  The  f;Crw-^^  . 
verier  of  f.nYni-jA  cxf^rrimer.ts  by  Maithiessen  on  the  cle-nrral 
r/f  rn^rrtal'v  at  o'  C.  co:ripiLTtd  with  silver  as  a  siasdani  : — 


resu.: 


t:^ -^ 


Silver     . 

Copier  . 

(/old 

Sodium  . 

Aluminum 

Zinc 

(.admium 

Brass 

I'otassium 


OO'O 

Maiinuzi 

99-9 

Iron 

800 

Tin 

37-4 

Lead    . 

34-0 

German  silver 

290 

Antimony 

237 

Mcrcur>' 

220 

Bismuth 

208 

Graphite 

r  5 

J^3 

It* 
r: 
0x37 


Silver  and  copper  have  the  smallest  resistance  for  a  given 
aluminum  has  the  smallest  for  a  given  weight. 

The  tondurtivity  of  metals  is  diminished  by  an  increase  in  tcmperatut- 
The  law  of  this  diminution  is  expressed  by  the  formula 

Kt^K    {\-at^bt'')\ 
where  a,  and  k^  are  the  conductivities  at  /  and  o''  respectively,  and  j  ^  ■ 
are   (onstants,  which  are  probably  the  same  for  all  pure  metals.    For  bi- 
metals   investigated   by    Matlhiessen    he   found   thai   the   conductivity  i-* 
expressed  by  the  formula 

ir' - #c"  ( I  - OC037647/  +  0*0000083 4/-). 


-MM]  Electrical  Conductivity.  933 

It  seems  that  this  value  is  about  ox)0368  for  each  degree  C.  This  co- 
efficient agrees  in  a  surprising  manner  with  the  coefficient  of  expansion  of 
gases,  which  is  j}}. 

Liquids  are  far  worse  conductors  than  metals.  The  conductivity  of 
a  solution  of  one  part  of  chloride  of  sodium  in  100  parts  of  water  is 
-fS^S^Q  that  of  copper.  In  general,  acids  have  the  highest  and  solutions  of 
alkalies  and  neutral  salts  the  lowest  conductivity.  Yet,  in  solutions,  the 
oooductivity  does  not  increase  in  direct  proportion  to  the  quantity  of  salt 
dissolved.  If  two  badly  conducting  liquids  be  mixed  the  conductivity  of  the 
mixture  is  greater  than  that  of  either  of  the  constituents. 

The  following  is  a  list  of  the  conductivity  of  a  few  liquids  as  compared 
with  that  of  pure  silver  : — 

Pure  silver 100,000,000,000 

Nitrate  of  copper,  saturated  solution      ....  8990 

Sulphate  of  copper           ditto 5420 

Chloride  of  sodium           ditto 31520 

Sulphate  of  zinc                ditto 5770 

Sulphuric  acid,  I'lo  sp.  gr 99070 

„            „     1-24sp.gr 132750 

„            „     r40sp.gr 90750 

Nitric  acid,  commercial 88680 

Distilled  water 7 

The  last  number  was  that  found  by  Kohlrausch  for  distilled  water,  which 
had  been  specially  purified.  Accordingly,  a  disc  of  water  a  millimetre  in 
thickness  offers  the  same  resistance  as  a  column  of  silver  of  the  same  diameter, 
hut  of  a  length  equal  to  that  of  the  moon's  orbit.  The  least  trace  of  im- 
purity in  water  markedly  raises  its  conductivity  :  thus  standing  in  the  air  for 
5  hours  doubles  it ;  the  addition  of  a  millionth  part  of  sulphuric  acid— that  is, 
a  drop  in  about  17  gallons — increases  the  conductivity  tenfold. 

Liquids  and  fused  conductors  increase  in  conductivity  by  an  increase  of 
temperature  (845).     This  increase  is  expressed  by  the  formula 

and  the  values  of  a  are  considerable.     Thus  for  a  saturated  solution  of 
sulphate  of  copper  it  is  0*0286. 

The  influence  oi  light  upon  electrical  conductivity  in  the  case  of  selenium 
has  been  already  alluded  to  (930),  and  is  directly  proved  by  the  following 
experiment  A  thin  strip  of  this  metalloid,  about  38  mm.  in  length  by  13 
b  breadth,  was  provided  at  the  ends  with  conducting  wires  and  placed  in  a 
box  with  a  draw-lid.  The  selenium,  having  been  carefully  balanced  in  a 
Wheatstone's  bridge,  was  exposed  to  diffused  light  by  withdrawing  the  lid, 
when  the  resistance  at  once  fell  in  the  ratio  of  1 1  to  9.  On  exposure  to  the 
various  spectral  colours,  after  having  been  in  the  dark  it  was  found  to  be  most 
affected  by  the  red  ;  but  the  maximum  action  was  just  outside  the  red,  where 
the  resistance  fell  in  the  ratio  of  3  to  2.  Momentary  exposure  to  the  light  of 
a  gas  lamp  or  even  to  that  of  a  candle  caused  a  diminution  of  resistance. 
Exposure  to  full  sunlight  diminished  the  resistance  to  one  half. 
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The  effect  produced  on  exposure  to  light  is  immediate,  while  recurrence 
to  the  normal  state  takes  place  more  slowly.  A  vessel  of  hot  water  placed 
near  the  strip  produced  no  effect,  and  hence  the  phenomenon  cannot  be 
due  to  heat,  but  there  appear  to  be  certain  rays  which  have  the  power  of 
producing  a  molecular  change  in  the  selenium  by  which  its  conductivit}-  is 
increased. 

959.  OetermlnatloB  of  electromotirc  foree. — ^Wlteatstone's  m«th«i. 
In  the  circuit  of  the  element  whose  electromotive  force  is  to  be  determined 
a  tangent  galvanometer  and  a  rheostat  are  inserted,  the  latter  being  so 
arranged  that  the  strength,  C,  of  the  current  is  a  definite  amount ;  for 
example,  the  galvanometer  indicates  45^.  By  increasing  the  amount  of  the 
rheostat  wre  by  the  length,  /,  a  diminished  strength,  c  (for  instance,  40*'],  b 
obtained. 

A  second  standard  element  is  then  substituted  for  that  under  trial,  and 
by  arranging  the  rheostat,  the  strength  of  the  current  is  first  made  equal  to 
C,  and  then,  by  addition  of  /,  length  of  the  rheostat,  is  made  «■  c. 

Then  if  E  and  E,  are  the  two  electromotive  forces,  R  and  Rj  their  resist- 
ances when  they  have  the  intensity  I,  and  /  and  ly  the  lengths  added,  <* 
have 


Trial  Element. 

StazKlard  Element. 

E 

r7+7.' 

from  which  we  have 

E. 

:=E 

Hence  the  electromotive  forces  of  the  elements  compared  are  directly  as  tl« 
lengths  of  the  wire  interposed. 

Another  method  is  that  of  Wiedemann.  Tbe  two  elements  arc  cot- 
nected  in  the  same  circuit  with  a  tangent  galvanometer,  or  other  appantcj 
for  measuring  strength,  first,  in  such  a  manner  that  their  currents  go 
in  the  same  direction;  and  secondly,  that  they  are  opposed.  Then  if  thf 
electromotive  forces  are  E  and  E',  their  resistances  are  R  and  R',  the  oth« 
resistances  in  the  circuits  r,  while  C,  is  the  intensity  when  the  elements  are 
in  the  same  direction,  and  Cj  the  intensit>'  when  they  go  in  opposite  direc- 
tions, then 

P         E  +  E'      ^    ,  p  E-E' 

whence  p. ,  ^  E  (C^  —  Q  > 

C. +Q- 

The  difference  of  potentials  or  EMF  between  any  two  points  d' * 
circuit  conveying  a  current,  such  as  that  of  a  magneto  machine,  may  ^ 
determined  by  charging  a  condenser  from  the  terminals  at  the  points  is 
question,  and  discharging  it  through  a  galvanometer  with  a  high  resistaDCt 
and  then  repeating  the  operation  with  a  standard  cell,  such  as  that  of  Latin*' 
Clarke,  the  EMF  of  which  is  1*433  volts  (964}.  If  ^  is  the  deflection  of  tk 
galvanometer  when  the  standard  cell  is  used,  and  D  the  deflection  ate  A* 
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discharge  of  the  current,  and  if  a  shunt  be  used  so  that  only  i  of  the  current 

n 

passes  through  the  galvanometer,  then  £MF  -    ,  x  1*433. 

a 

€/30,  Stemeiw'  eleotrieal  resUtanee  tbermometer. — Supposing  in  a 
Whcatstone's  bridge  arrangement,  after  the  ratio  r :  ry'^s:  s^  has  been  esta- 
blished, the  temperature  of  one  of  the  coils,  r,  for  instance,  be  increased,  the 
above  ratio  will  no  longer  prevail,  for  the  resistance  of  r  will  have  been 
altered  by  the  temperature,  and  the  ratio  of  s  and  s^  must  be  altered  so  as  to 
produce  equivalence.  On  this  idea  Siemens  has  based  a  mode  of  observing 
the  temperature  of  places  which  are  difficult  of  direct  access.  He  places  a 
coil  of  loiown  resistance  in  the  particular  locality  whose  temperature  is  to  be 
observed  :  it  is  connected  by  means  of  long  good  conducting  wires  with  the 
place  of  observation,  where  it  forms  part  of  a  Wheatstone's  bridge  arrange- 
ment. The  resistance  of  the  coil  is  known  in  terms  of  the  rheostat,  and  by 
preliminary  trials  it  has  been  ascertained  how  much  additional  wire  must  be 
introduced  to  balance  a  given  increase  in  the  temperature  of  the  resistance 
coiL  This  being  known,  and  the  apparatus  adjusted  at  the  ordinary  tempera- 
ture, when  the  temperature  of  the  resistance  coil  varies,  this  variation  in  either 
direction  is  at  once  known  by  observing  the  quantity  which  must  be  brought 
in  or  out  of  the  rheostat  to  produce  equivalence. 

This  apparatus  has  been  of  essential  service  in  watching  the  tempera- 
ture of  large  coils  of  telegraph  wire,  which,  stowed  away  in  the  hold  of  vessels, 
•u-e  very  liable  to  become  heated.  It  might  also  be  used  for  the  continuous 
^nd  convenient  observation  of  underground  and  submarine  temperatures. 
if  a  coil  of  platinum  wire  were  substituted  for  the  copper,  the  apparatus  could 
^  uicd  for  watching  the  temperature  of  the  interior  of  a  furnace.  It  has 
been  found  that  the  magnetism  of  ships  (715)  excited  so  perturbing  an 
^tifluence  on  the  needle  of  the  galvanometer  as  to  make  its  indications 
lUitrust worthy.  Hence  for  use  in  such  cases  Siemens  replaces  the  galvano- 
itieter,  as  an  indicator,  by  a  voltameter  specially  constructed  for  the  purpose. 
^pbc  same  principle  has  been  applied  by  Professor  Langley  to  the  inven- 
Ucn  of  an  instrument  called  the  Bolometer^  for  measuring  radiant  heat  In 
he  two  arms  of  a  Wheatstone's  bridge  are  introduced  resistances  which 
^ve  very  small  mass,  each  consisting  of  a  band  of  iron  half  a  millimetre  in 
>readth,  and  0*004  mms.  in  thickness  folded  on  itself  14  times  so  as  to  form 
^  rectangle  0*7  cm.  in  length  by  i*2  cm.  in  breadth.  The  sensitiveness  is 
^  greater  than  that  of  the  most  sensitive  thermopile,  and  makes  it  possible 
ti  measure  a  difference  of  temperature  of  the  iq\^q  of  a  degree  between  the 
Wo  resistances.  It  has  been  used  by  the  inventor  to  measure  the  distribu- 
itm  of  heat  in  the  solar  spectrum. 

961.  SlTidedorbranob  currents. — In  fig.  901  the  current  from  Bunsen's 
lement  traverses  the  wire  rqpnm.  Let  us  take  the  case  in  which  any  twu 
OiDts  of  this  circuit,  n  and  ^,  are  joined  by  a  second  wire,  nxq.  The  current 
ill  then  divide  at  the  point  q  into  two  others,  one  of  which  goes  in  the 
irection  qpnm^  while  another  takes  the  direction  qxnm.  The  two  points  q 
nd  n  from  which  the  second  conductor  starts  and  ends  are  called  the  points 
f  derivation^  the  wire  qpm  and  the  wire  qxn  arc  derived  wires.  The  currents 
hich  traverse  these  wires  are  called  the  derived  ox  partial  currents  \  the 
irrent  which  traversed  the  Q\xz\x\\rqpnm  before  it  branches  is  ^^ primitive 


936  Dynamical  Electricity.  [M- 

current :  and  the  ndjnt  principal  current  is  given  to  the  whole  of  the  currtnt 
which  traverses  the  circuit  when  the  derived  wire  has  been  added.    Tbc 

principal  cur- 
rent is  strongfr 

than  the  primi- 

^ — ' ^^^     '  I     ^gto^^       tive  one,  because 

the  interposidoo 
of  the  wire  qn 
lessens  the  total 
resistance  of  the 
circuit. 

^"■•^'-  If    ihe  t.. 

derived  wires  are  of  the  same  length  and  the  same  section,  their  actkn 
would  be  the  same  as  if  they  were  juxtaposed,  and  they  might  be  replaced  br 
a  single  wire  of  the  same  length  but  of  twice  the  section,  and  therefore  with 
half  the  resistance.  Hence  the  current  would  divide  into  two  equal  pans 
along  the  two  conductors. 

When  the  two  wires  are  of  the  same  length  but  of  different  sections,  the 
current  would  divide  unequally,  and  the  quantity  which  traversed  each  virt 
would  be  proportional  to  its  section,  just  as  when  a  river  divides  into  tvo 
branches,  the  quantity  of  water  which  passes  in  each  branch  is  proportiocal 
to  its  dimensions.  Hence  the  resistance  of  the  two  conductors  joined  w-oaki 
be  the  same  as  that  of  a  single  wire  of  the  same  length,  the  section  of  which 
would  be  the  sum  of  the  two  sections. 

If  the  two  conductors  qpn  and  qxn  are  different,  both  in  kind,  length, 
and  section,  they  could  always  be  replaced  by  two  wires  of  the  same  kind 
and  length,  with  such  sections  that  their  resistances  would  be  equal  to  the 
two  conductors  ;  in  short,  they  might  be  replaced  by  equivalent  conductors. 
These  two  wires  would  produce  in  the  circuit  the  same  effect  as  a  sine'* 
wire,  which  had  this  common  length,  and  whose  section  would  be  the  sua 
of  the  sections  thus  calculated.  The  current  divides  at  the  junction  intotvo 
parts  proportional  to  these  sections,  or  inversely  as  the  resistances  of  ihct»:» 
wires.  Suppose,  for  instance,  qpn  is  an  iron  wire  5  metres  in  length  ari* 
3  mm.  square  in  section,  and  qxn  a  copper  wire. 

The  first  might  be  replaced  by  a  copper  wire  a  metre  in  length,  who=* 
section  would  be  I  x  }  (taking  the  conductivity  of  copper  at  7  times  that  t 
iron)  or  /^  square  mm.  The  second  wire  might  be  replaced  by  a  copper 
wire  a  metre  in  length  with  a  section  of  J  square  mm.  These  two  uirr- 
would  present  the  same  resistance  as  a  copper  wire  a  metre  in  length,  ar«t 
with  a  section  of  /j  +  J  =  31^5 'square  millimetres. 

The  principal  current  would  divide  along  the  wires  into  two  por:-^'* 
which  would  be  as  ^^  :  |. 

The  most  important  laws  of  divided  circuits  are  as  follows  : — 
i.   T/ie  sum  of  the  strengths  in  the  divided  parts  of  a  circuit  is  equ.u  •' 
the  strength  of  the  principal  current, 

ii.   The  strengths  of  the  currents  in  the  divided  parts  of  a  circuit  r 
inversely  as  their  resistances ;  or^  what  is  the  same^  the  division  of  a  .urr:"' 
into  partial  currents  which  lie  between  two  points  is  directly  as  tkerespc.t- 
conductivities  of  these  branches. 
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And  as  problems  on  divided  or  shunt  circuits  frequently  occur  in  tele- 
graphy, the  following  formulae,  which  include  these  laws,  are  given  for  a  simple 
case. 

If  C  be  the  strength  of  the  current  in  the  undivided  part  of  the  circuit 
rqfinm^  and  if  r  is  the  strength  in  one  branch  (say)  in  the  above  figure  qpn 
and  c  in  qxn  ;  if  R,  r,  and  r^  are  the  corresponding  resistances,  the  electro- 
motive force  being  E,  then 


Rr  +  Ti  +  rry^  Rr  +  Rrj  +  rry^ 

The  resistance  R,  of  the  whole  circuit  is 
R,-R+  ^''" 


^  "  t>  -    .    1 


Er, 


Rr  +  Rrj  +  rrj 


r  +  r* 
and  therefore  the  total  resistance  of  the  branch  currents  qpn  and  qxn  is 

rWy 

962.  The  eleetrodjnamometer. — The  principle  of  the  electrodynamo- 
meter  is  that  of  measuring  the  repulsion  between  parallel  currents  moving 
in  opposite  directions,  one  of  them  being  fixed  and  the  other  movable.  Fig. 
902  represents  the  essential  features  of  a  form  devised  by  Messrs.  Siemens 
for  measuring  the  strength  of  the  powerful  currents  used  in  electric  lighting  : 
ttf  is  a  coil  of  stout  insulated  copper  wire,  and  w'  a  single  wire  ;  nn  are 
mercur>'  cups,  and  k  k  binding  screw,  by  which  connection 

is  made  with  the  main  circuit  L  L. 

The  wire  w'  is  surrounded  by  a  stout  spiral  spring, 
mhich  is  connected  at  one  end  with  this  wire,  and  at  the 
other  with  a  screw,  s  ;  this  is  provided  with  an  index,  r, 
which  moves  over  a  graduated  scale,  s.  An  index,  -srV, 
is  also  fixed  to  the  wire  w\  At  the  outset  both  indexes 
point  to  zero ;  when  the  current  passes  it  will  be-  seen 
from  the  direction  of  the  arrows  that  it  traverses  the 
fixed  and  movable  coils  in  opposite  directions,  and  the 
point  s'  is  displaced  along  the  scale.  By  turning  the 
screw  s  it  is  brought  back  to  zero,  in  doing  which  the 
index  s  is  moved  through  an  angle  which  is  a  measure 
of  the  torsion  of  the  spiral  spring  /  and  this  angle  is 
proportional  to  the  square  of  the  strength  of  the  current 
by  which  the  movable  coil  is  deflected. 

963.  Absolute  eleotrioftl  unite. — The  great  import- 
ance of  having  a  uniform  system  of  measurements  of  phy- 
sical magnitudes  which  should  be  universally  adopted  is  at 
once  obvious,  and  this  has  been  more  especially  felt  in  the 
applications  of  electricity.  The  first  step  in  this  direction 
»as  taken  by  the  British  Association,  which  adopted  the 
system  of  absolute  units  known  as  the  C.O.S.  system,  of 

which  mention  has  already  been  made  ^6i'i,  709  ,  and  which  this  arrount  is 
intended  to  supplement. 

The  essence  of  an  absolute  system  of  physical  measurements  is  that  the 
various  units  may  be  directly  expressed  in  mechanical  units  '61^).    A  system 
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of  absolute  electrical  units  may  be  based  on  either  the  electrostatic,  the  electro- 
magnetic, or  again  on  the  electrodynamic  actions.  There  is  no  theoretical 
reason  why  one  should  be  preferred  to  another  of  these,  but  in  practice  only 
the  two  former  are  used.  Of  these  the  electrostatic  system  is  perhaps  the 
simpler,  but  that  based  on  electromagnetism  is  most  convenient,  and  best 
lends  itself  to  the  practical  determination  of  the  most  important  standards, 
such  as  those  of  electromotive  force  and  resistance. 

Electrostatic  Units, 

Wc  shall  distinguish  the  dimensions  of  these  units  by  small  letters  placed 
in  brackets. 

Quantity  of  Electricity,  q.  Coulomb's  law  given  for  the  repulsive  force 

between  two  equal  quantities  ^,  of  electricity  at  the  distance  l^  f^^"    (734; 

from  which  q^l  ^/.  Hence  we  have  for  the  dimensions  of  unit  quantity 
of  electricity  |>]  -//i  -  LIM»T-». 

Potential,  v.   The  potential  of  a  quantity  of  electricity  at  the  distance  / 

is  the  quotient  of  the  quantity  by  the  distance.     Hence  [v]  =  y  "  DMiT**. 

Capacity,  c.  The  capacity  of  a  conductor  is  the  quotient  of  the  quantity 
of  electricity  with  which  it  is  charged,  by  the  potential  which  this  quantity 

produces  in  it ;  H  =  -  from  which  c'\  =  L.  Hence  the  capacity  of  a  con- 
ductor is  expressed  by  a  length.  Unit  capacity  is  thus  that  of  a  body  which 
is  raised  by  unit  quantity  to  unit  potential.  An  insulated  conducting  sphere 
which  has  a  diameter  of  one  centimetre  has  unit  capacity. 

Current,  i.  The  strength  of  a  current  is  the  quantity  of  electricity  which 

passes  in  a  given  time;  [/]«^«L?MiT-.     Accordingly  unit  current  is  thii 

which  conveys  unit  quantity  of  electricity  in  a  second. 

Resistance,  r.  From  Ohm's  law  (825),  the  resistance  of  a  conduaor  is 
the  quotient  of  difference  of  potentials  at  the  two  ends  of  a  wire  by  the 

strength  of  a  current.  Hence  M  =  ?  =  L->T,  which  shows  that  the  dimen- 
sions of  resistance  are  the  inverse  of  a  velocity. 

Electromagnetic  Units. 
Quantity  of  magnetism.     From  Coulomb's  law/-  *       from  which  [Mj- 

LtM*T-\  that  is,  the  same  as  that  of  quantity  of  electricity  on  the  electro- 
static system.  Unit  magnetic  pole  is  that  which  repels  an  equal  pole  at  a 
distance  of  a  centimetre  with  a  force  of  a  dyne. 

Magnetic  Field.  H.  Unit  magnetic  field  is  that  field  in  which  um: 
quantity  magnetism  is  acted  on  by  unit  force.  Hence  F  =  HM,  from  nhick 
[H]-L-^M*T-». 

Current.  I.  The  unit  of  electrical  current  in  the  electromagnetic  sy^tesi 
is   that  which,  traversing  unit  length  of  an  arc  of  a  circle  of  unit  raujiia. 
exerts  unit  force  on  unit  pole,  or  unit  magnetism  at  its  centre.     Its  dioK' 
sions  are  [Q]  -  L*M»T-». 
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Quantity  0/ electricity,  Q.  The  quantity  of  electricity  conveyed  by  a  con- 
ductor is  the  product  of  the  current  by  the  time  that  it  lasts.  Hence  unit 
quantity  is  that  which  passes  in  a  second  in  a  conductor  in  which  unit  current 
isflowing,  [Q]-IT-L*M». 

Resistance,  R.    The  resistance  of  a  conductor  may  be  defined  by  Joule's 

law,  W-I^RT.   Hence  [R]-_,  that   is,  the  resistance  of  a  conductor  is 

expressed  by  a  velocity. 

Electromotive  force.  Difference  of  potentials  [E].  From  Ohm's  law, 
E-IR«UM»T-2. 

964.  yraetleal  naits. — The  values  of  the  absolute  units  in  the  C.G.S. 
system  are  not  convenient  for  measuring  the  magnitudes  which  ordinarily 
occur.  Thus  the  absolute  unit  of  resistance  is  that  represented  by  the 
twenty-thousandth  part  of  a  millimetre  of  pure  copper  wire  a  millimetre  in 
diameter.  It  has  therefore  been  necessary  to  choose  units  better  suited 
for  practical  uses,  and  at  the  International  Congress  of  Electricians  at  Paris 
in  1881  an  International  Commission  was  formed  for  the  purpose  of  deciding 
on  such  units  and  determining  their  value.  In  1884  the  Commission  agreed 
to  recommend  the  following,  which  are  in  the  main  those  introduced  by  the 
British  Association. 

The  practical  unit  of  resistance  is  equal  to  lo*  absolute  electromagnetic 
C.G.S.  units  of  resistance,  and  is  called  the  Ohm,  It  has  been  decided  to 
represent  it  by  a  column  of  pure  mercury  with  a  cross  section  of  a  square 
millimetre  ;  its  exact  length  has  been  determined  experimentally  by  the  Com- 
mission, and  has  been  taken  at  i  '06  metre.  This  is  known  as  the  legal  or 
Congress  ohm.  A  wire  of  pure  copper,  a  millimetre  in  diameter  and  46*25 
metres  in  length,  has  a  resistance  of  one  ohm.  Siemens'  unit  (952)  has  a 
resistance  of  0*94339  ohm.  The  copper  conducting  wire  of  an  ordinary  sub- 
marine cable  has  a  resistance  of  about  1 1  ohms  per  mile. 

In  order  to  express  multiples  and  sub-multiples  the  prefixes  mega  or 
micro  are  used,  which  are  respectively  a  million  times  as  great  or  as  small. 
Thus  a  megohm  is  10*  ohms,  that  is,  10^^  absolute  units  of  resistance.  In 
like  manner  a  microhm  is  10*  ohm,  that  is,  10'  -  1000  such  units. 

The  Volt  is  the  practical  unit  of  electromotive  force  or  of  difference  of 
potentials,  and  is  equal  to  10*  absolute  units.  From  the  difficulty  of  getting 
an  clement  which  is  perfectly  constant,  more  especially  when  it  is  closed,  the 
standard  of  EMF  is  best  derived  from  measurements  of  resistance  and  of 
strength  of  current,  which  are  both  convenient  and  very  accurate.  The 
electromotive  force  of  a  Daniell's  cell  is  about  a  twelfth  greater  than  a  volt. 
According  to  the  latest  determinations  of  Lord  Raylcigh  a  Latimer  Clark's 
element  has  the  EMF  1*433  volt. 

The  Ampere  is  the  unit  of  current,  and  is  the  current  produced  by  the 
electromotive  force  of  a  volt  in  a  circuit  having  a  resistance  of  an  ohm.  It 
b  therefore  equal  to  10*  C.G.S.  units.  A  millampere  is  the  thousandth  of 
an  ampere. 

The  resistance  of  a  Daniell's  clement  with  an  external  cylinder  of  zinc, 
S  inches  high  and  3^  in  diameter,  surrounding  the  porous  pot,  is  about  1*3 
ohm,  and  as  its  EMF  is  ro8  volt  its  current  when  on  short  circuit  is  about 
0*8  ampere.     In  like  manner  a  medium-sized  Bunsen  has  a  resistance  of 
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aboat  o*i  ohm,  and  as  its  £MF  is  i'8  volt,  the  current  on  diort  drccxt  is 
1 8  amperes.  A  Brush  machine  the  current  of  which  ignited  i6  lamps  had  sn 
£MF  of  839  volts ;  its  internal  resistance  was  10*55  ^^^^  ^^  external,  in- 
cluding the  lamps,  was  73  ohms.  Accordingly  the  current  was  10x34  amperes. 
A  Holtz  machine  has  in  electromagnetic  measure  the  £MF  of  90000  volts : 
its  internal  resistance,  when  it  makes  two  turns  in  a  second,  is  calculated  ai 
27  X  10*  ohms,  and  accordingly  its  current  is  -^^^  of  an  ampere,  or  r^.  of  a 
millamp^re.  Such  a  current  is  too  weak  for  telegraph  work  ;  the  canents 
which  are  used  with  the  ordinary  Morse  receivers  have  a  strength  of  14  to 
16  millamp^res. 

The  CaulomUf  is  the  unit  of  quantity  of  electricity,  and  is  that  quantity 
whidi  traverses  the  section  of  a  conductor  in  a  second,  when  a  cuiient 
of  an  ampere  is  passing  though  it. 

The  Farad  is  the  unit  of  capacity,  and  is  such  that  in  a  condenser  of 
that  capacity  the  quantity  of  a  coulomb  produces  a  difference  of  potential 
of  a  v(^t.     It  is  10*  C.G.S.  units. 

The  £airad  is  too  large  a  unit  for  practical  use,  thus  the  capacity  of  the 
globe  is  onh-  \-^^^  of  2  ianuL  Accordingly  the  technical  unit  of  capacity 
is  the  milhonth  part  of  this,  and  is  called  the  microfarad.  This  is  io~^'  aniti 
A  Le>'den  jar  with  a  total  coated  smfure  of  a  sqoiit 
metre,  and  the  glass  of  which  is  i  nun.  thick,  has  a 
capacity  of  ^^  of  a  microfarad.  The  capacity  of  ai 
ordinary  submarine  cable  may  be  taken  at  about  \  of  a 
micro£uad  per  knot  or  nautical  mile  of  1852  metres 

The  practical  standards  consist  of  circular  or 
square  sheets  of  tinfoil  with  projecting  tongues,  j  and  j 
n^,  903 ,  fastened  on  thin  sheets  of  mica.  Bcr»f«B 
each  such  coated  sheet  is  placed  an  uncoated  one  of 
mica,  the  two  sets  of  tongues  being  severally  coo- 
r.ected  u-iih  each  other,  and  thus  the  coatinjrs  reprt- 
ser.t  the  coated  surfaces  of  a  condenser.  The  whole 
is  er.doscd  in  a  box  :  a  condenser  having  a  capacit>" 
v^f  a  ir.icrofarad  wiii  represent  a  coated  surface  of  o>-er  6  square  yards. 

H  J//.— The  energy-,  W,  of  an  electrical  current  in   unit   time  may  he 

•  -    ^  CEU   This  latter  expression  is  'J:* 


F? 


variouslv  expressed  :  thus  \V  =  CR « 


R 


most  convenient  for  practical  purposes,  and  represents  the  work  done  by  us:: 
current  ampere  when  impelled  by  an  EMF  of  a  volt.  It  is  thus  1 
voltampc-re,  and  on  the  proposal  of  the  late  Sir  W.  Siemens  has  beei 
called  a  Watt,  I:  is  equal  10  10"  er^^  It  may  also  be  denned  as  the  ^^^ 
done  \}S  the  quantity*  of  electricity  \>i  a  coulomb  falling  through  a  ditfercnce 
of  potentials  equal  to  a  volt,  and  in  this  form  the  definition  is  c\q^^ 
analo^'ous  to  that  of  a  kilo,n^unme  metre. 

The  watt  is  .  J,  of  an  English  horse-power,  or  one  horse-power  -  "4*'  **^*^ 

0^5.  Relation  of  tbe  electr««tatte  to  tMe  electrooftacaotle  malt-'' 

we  compare  the  dimensions  of  the  units  of  quantity  and  the  other  clcrtr.'*- 

magnitudes,  in  the  electrostatic  with  those  of  the  corresponding  dimrn?  ic? 

as  exi»ressed  in  the   electromagnetic   s^-stem,  we  nnd  that  the  rati-^*  ^ 
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independent  of  the  unit  of  mass,  and  that  — ,  that  is,  the  expression  of  a 

velocity,  always  enters  into  the  ratio  between  them.  Now  the  ratio  of  the 
two  sets  of  units  may  be  determined  experimentally.  Suppose,  for  in- 
stance, that  a  condenser  is  charged  with  electricity.  Knowing  its  dimen- 
sions, the  quantity,  q^  of  the  charge  may  be  determined  in  electrostatic 
measure,  by  measuring,  for  instance,  the  repulsion  which  a  given  proportion 
of  the  total  charge  produces  in  a  torsion  balance  of  known  dimensions.  The 
same  condenser,  being  charged  to  the  same  extent,  may  be  discharged 
through  a  galvanometer,  and  by  measuring  the  deflection  produced,  and 
knowing  the  constants  of  the  instrument,  the  quantity  may  be  obtained  in 
electromagnetic  units,  and  thus  the  ratio  of  the  quantity  expressed  in  the  two 
sets  of  units  may  be  deduced.  Or,  again,  the  £MF  of  a  Daniell's  cell  may 
be  measured  first  by  the  aid  of  an  absolute  electrometer,  which  will  give  in 
electrostatic  units  of  potential  about  0*0036.  On  the  other  hand  the  potential 
determined  in  electromagnetic  measure  has  the  value  1*088  x  10®.  Hence 
it  would  thus  be  found  that  in  round  numbers  the  electromagnetic  unit 
of  quantity  is  equal  to  3*10*®  electrostatic  units  of  quantity.  This  is  easily 
intelligible,  since  the  latter  is  the  quantity  of  electricity  which  attracts  or 
repels  another  equal  quantity  at  a  distance  of  i  cm.  with  a  force  of  a  dyne, 
while  the  latter  is  the  quantity  which  traverses  the  wire  in  a  second  when 
the  current  has  unit  intensity.  Similarly,  by  making  determinations  of  the 
ratio  in  all  cases  in  which  the  same  magnitude  may  be  determined  in  elec- 
trostatic as  well  as  in  electromagnetic  measure,  it  is  found  that  the  agree- 
ment in  the  numbers  found  is  very  close,  and  as  the  mean  of  the  best 
results  is  2*9857  x  10"*.  As  the  ratio  between  the  units  is  always  of  the 
dimensicms  of  a  velocity,  and  holds  under  the  condition  that  the  centimetre 
is  the  unit  of  length,  and  the  second  is  the  unit  of  time,  this  velocity  is 
298,570  kilometres,  or  185,530  miles,  in  a  second.  Now  this  number  agrees 
ver>'  closely  with  that  for  the  velocity  of  light— 185,420  miles  (507).  This 
coincidence  can  scarcely  be  accidental,  but,  no  doubt,  arises  from  the  fact 
that  the  phenomena  arc  correlated,  and  that  the  medium  in  which  the  two 
actions  take  place  is  the  same. 
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CHAPTER  X. 

ANIMAL  ELECl'RICITY. 

966.  Mnscnlar  evrreats. — The  existence  of  electrical  currents  in  lising 
muscle  was  first  indicated  by  Galvani,  but  his  researches  fell  into  obli^ioo 
after  the  discovery  of  the  voltaic  pile,  which  was  supposed  to  explain  all  the 
phenomena.  Since  then,  Nobili,  Matteucci,  and  others,  especially,  in  late 
years,  Du  Bois  Re>'Tnond,  have  shown  that  electric  currents  do  exist  in  lixing 
muscles  and  nerves,  and  have  investigated  their  laws. 

For  investigating  these  currents  it  is  necessary  to  have  a  delicate  gal- 
vanometer, and  also  electrodes  which  will  not  become  polarised  or  give  a 
current  of  their  o^-n,  and  which  will  not  in  any  way  alter  the  muscle  when 
placed  in  contact  with  it  ;  the  electrodes  which  satisfy  these  conditions  best 
are  those  of  Du  Bois  Reymond,  as  modified  by  Donders.  Each  consists  of 
a  glass  tube,  one  end  of  which  is  narrowed  and  stopped  by  a  plug  of  paste 
made  by  moistening  china-clay  ^-ith  a  half  per  cent,  solution  of  common  salt ; 
the  tube  is  then  partially  filled  with  a  saturated  solution  of  sulphate  of  zinc ; 
and  into  this  dips  the  end  of  a  piece  of  thoroughly  amalgamated  zinc  mire. 
the  other  end  of  which  is  connected  by  a  copper  wire  with  the  galvanometer  : 
the  moistened  china-clay  is  a  conducting  medium  which  is  perfectly  neutral 
to  the  muscle,  and  amalgamated  zinc  in  solution  of  sulphate  of  zinc  does  not 
become  polarised. 

967.  Currents  of  muscle  at  rest. — In  describing  these  experiments  the 
surface  of  the  muscle  is  called  the  natural  longitudinal  section  ;  the  tendon 
the  natural  transverse  section  ;  and  the  services  obtained  by  cutting  the 
muscle  longitudinally  or  transversely  are  resf)ectively  the  artificial  hnptu- 
ctinal  and  artificial  transi^erse  sections. 

If  a  living  irritable  muscle  be  removed  from  a  recently  killed  frog,  and 
the  clay  of  one  electrode  be  placed  in  contact  with  its  surface,  and  of  the 
other  with  its  tendon,  the  galvanometer  will  indicate  a  current  from  the 
former  to  the  latter  ;  showing,  therefore,  that  the  surface  of  the  muscle  •> 
positive  with  respect  to  the  tendon.  By  varying  the  position  of  the  elev- 
trodes,  and  making  various  artificial  sections,  it  is  found — 

1.  That  any  longitudinal  section  is  positive  to  any  tiansverse  section. 

2.  That  any  point  of  a  longitudinal  section  nearer  the  middle  oi  'iie 
muscle  is  positive  to  any  other  point  of  the  same  section  farther  from  t^f 
centre. 

3.  In  any  artificial  transverse  section  any  point  nearer  the  peripher\  s 
positive  to  one  nearer  the  centre. 

4.  The  current  obtained  between  two  points  in  a  longitudinal  or  in  i 
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transverse  section  is  always  much  more  feeble  than  thai  obtained  between 
two  different  sections. 

5.  No  current  is  obtained  if  two  points  of  the  same  section  equidistam 
from  its  centre  be  taken. 

6*  To  obtain  these  currents  it  is  not  necessary  to  employ  a  whole  musde, 
or  a  considerable  part  of  one,  but  the  smallest  fragment  that  can  be  experi- 
mented with  is  suflficient. 

7.  If  a  muscle  be  cut  straight  across,  the  most  powerful  current  is  that 
from  the  centre  of  the  natural  longitudinal  section  to  the  centre  of  the  arti- 
'jfieial  tmAS verse  ;  but  if  the  muscle  be 
tSOX  across  obtiquely,  as  in  hg,  904,  the 
most  positive  point  is  moved  from  c 
towards  /%  and  the  most  negative  from 
d  towards  a  {^ currents  a/ iruimniitm^ 

To  explain  the  existence  and  rela» 
lions  of  these  muscular  currents,  it  may  he  supposed  that  each  muscle  is 
made  up  of  regularly  disposed  electromotor  elements,  which  may  be  re- 
garded as  cylinders  whose  axes  are  parallel  to  that  of  the  muscle^  and 
whose  side^  arc  charged  with  positive  and  their  ends  with  negative  electri- 
city ;  and,  further,  that  all  are  suspended  and  enveloped  in  a  conducting 
medium.  In  such  a  case  (fig.  904)  it  is  clear  that  throughout  most  of  the 
muscle  the  positive  electricities  of  the  opposed  surfaces  w^ould  neutralise  one 
another,  as  would  also  the  negative  charges  of  the  ends  of  the  cylinders  ;  so 
that,  so  long  as  the  muscle  was  intact,  only  the  charges  at  its  sides  and  ends 
would  be  left  to  manifest  themselves  by  the  production  of  electromotive 
phenomena ;  the  whole  muscle  being  enveloped  m  a  conducting  stratum,  a 
current  would  constantly  be  passing  from  the  longitudinal  to  the  transverse 
section,  and,  a  part  of  this  being  led  oif  by  the  wire  circuit,  would  manifest 
itself  in  the  galvanometer. 

This  theory  also  explains  the  currents  between  two  diflferent  points  on  the 
ttm^MCtion  ;  the  positive  charge  at  ^,  for  instance  (%.  905),  would  have  more 
iesiftance  to  overcome  in  get- 
ting to  the  transverse  section 
tllan  that  at  <  therefore  it  has 
A bigiicr  tension  ;  and  if  ^  and 
d  «rc  connected  by  the  elec- 
trodes, ^will  be  found  positive 
to  j<  and  a  current  will  pass 
Uom  the  former  to  the  latter. 

WluU  are  called  currtnts 

wn  arc  also  explic- 

00  the  above  hypothesis, 

be  oblique  section  can  be 
ff«pfe«ented  as  a  number  of  elements  arranged  as  in  fig,  906,  so  that  bothlhc 
longitodtiml  surfaces  and  the  ends  of  the  cy  linders  are  laid  bare,  and  it  can 
thtif  be  regarded  as  a  sort  of  oblique  pile  whose  positive  pole  is  towards  k 
aiMl  its  negative  at  a,  and  whose  current  adds  itself  algebraicidly  to  the 
ordtiuiry  cttrrent  and  displaces  its  poles  as  above  mentioned. 
A  pctiecjilt^ft^Ut^^  very  < 
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contact  with  foreigpi  matters,  sometimes  gives  almost  no  current  between  its 
dif!erent  natural  sections,  and  the  current  always  becomes  more  marked 
after  the  muscle  has  been  exposed  a  short  time ;  nevertheless,  the  pheno- 
mena are  vital,  for  the  currents  disappear  completely  with  the  life  of  the 
muscle,  sometimes  becoming  first  irregular  or  even  reversed  in  direction. 

968.  &heoftcopio  firoff.  Contraction  wltlioiit  metals. — The  existence 
of  the  muscular  currents  can  be  manifested  without  a  galvanometer,  by  usii^ 

/^  another  muscle  as  a  galvanoscope. 

Thus,  if  the  nerve  of  one  lining 
muscle  of  a  frog  be  dropped  sud- 
denly on  another  living  muscle,  so 
as  to  come  in    contact    with   its 
'"^^^  longitudinal    and    transverse   sec- 
o  tions,    a  contraction   of    the    first 
*^*  muscle  will  occur,  due  to  the  stimu- 

lation of  its  nerve  by  the  passage  through  it  of  the  electric  current  deri^^ 
from  the  surface  of  the  second. 

969.  Currents  in  active  masole. — When  a  muscle  is  made  to  contraa 
there  occurs  a  sudden  diminution  of  its  natural  electric  current,  as  indicated 
by  the  galvanometer.  This  is  so  instantaneous  that,  in  the  case  of  a  single 
muscular  contraction,  it  does  not  overcome  the  inertia  of  the  needle  of  the 
galvanometer  ;  but  if  the  contractions  be  made  to  succeed  one  another  \-cry 
rapidly— that  is,  if  the  muscle  be  tetanised  (827) — then  the  needle  swings 
steadily  back  towards  zero  from  the  position  in  which  the  current  of  the 
resting  muscle  had  kept  it,  often  gaining  such  momentum  in  the  swing  as  to 
pass  beyond  the  zero  point,  but  soon  reverting  to  some  point  between  zero 
and  its  original  position. 

The  negative  variation  in  the  case  of  a  simple  muscular  contraction  can, 
however,  be  made  manifest  by  using  another  muscle  as  a  rheoscopc  ;  if  the 
ner\'e  of  this  second  muscle  be  laid  over  the  first  muscle  in  such  a  position 
that  the  muscular  current  passes  through  it,  and  the  first  muscle  be  then  made 
to  contract,  the  sudden  alteration  in  the  strength  of  its  current  stimulates 
the  nerve  laid  on  it  (827),  and  so  causes  a  contraction  of  the  muscle  to  which 
the  latter  belongs. 

The  same  phenomenon  can  be  demonstrated  in  the  muscles  of  warm- 
blooded animals  ;  but  with  less  ease,  on  account  of  the  difficulty  of  keeping 
them  alive  after  they  are  laid  bare  or  removed  from  the  body.  Experiments 
made  by  placing  electrodes  outside  the  skin,  or  passing  them  through  it,  art 
inexact  and  unsatisfactory. 

970.  Bleotrio  currents  in  nerTc. — The  same  electromotor  indications 
can  be  obtained  from  nerves  as  from  muscles  ;  at  least,  as  far  as  their  smaller 
size  will  permit ;  the  currents  are  more  feeble  than  the  muscular  ones,  but 
can  be  demonstrated  by  the  galvanometer  in  a  similar  way.  Negati\-e  ^iri- 
ation  has  been  proved  to  occur  in  active  nerve  as  in  active  muscle.  The 
effect  of  a  constant  current  passed  through  one  part  of  a  nerve  on  the  amount 
of  the  normal  nerve-current,  measured  at  another  part,  has  already  been 
described  (Chap.  III.,  Electrotonus). 

97 1 .  Electrical  llsli. — Electrical  fish  are  those  fish  which  have  the  re- 
markable property  of  giving,  when  touched,  shocks  like  those  of  the  Lc>deD 
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I-.  Of  tbesc  fish  there  are  several  species,  the  best  known  of  which  are  ihe 
rpcdo,  the  g>Tnnotus,  and  the  silunis.  The  torpedo,  which  is  very  common 
t  the  \fedilerranean,  has  been  carefully  studied  by  Becquerel  and  Breschet 
France,  and  by  Matteucci  in  Italy.  The  gymnotus  was  investif^ated  by 
kimboldt  and  Bonpland  in  South  America,  and  In  England  by  Faraday, 
ho  had  the  opportunity  of  examining  live  specimens. 

The  shock  which  they  give  serves  both  as  a  means  of  offence  and  of 
fefefice.  It  is  purely  voluntary,  and  becomes  gradually  weaker  as  it  is 
pleated  and  as  thej^e  animals  lose  their  vitality,  for  the  electrical  action 
Ipn  exhausts  them  malcrially.  According  to  Faraday,  the  shock  which  the 
^notus  gives  is  equal  lo  that  of  a  battery  of  1 5  jars  exposing  a  coating  of 
\  square  feet,  which  explains  how  it  is  that  horses  frequently  give  way  under 
k  repeated  attacks  of  the  gyinnotus. 

I  Numerous  experiments  show  that  these  shocks  are  due  to  ordinary 
fectricity.  For  if,  touching  with  one  hand  the  back  of  the  animal,  the 
felly  is  touched  with  the  other,  or  with  a  metal  rod,  a  violent  shock  is  felt 
( the  wrists  and  arms  ;  while  no  shock  is  felt  if  the  animal  is  touched  with 
\  insulating  body.  Further,  when  the  back  is  connected  with  one  end  of  a 
(liranometer  wire  and  the  belly  with  the  other,  fit  each  discharge  the  needle 
^r^ected,  but  immediately  turns  to  zero,  which  shows  that  there  is  an 
aeous  current  ;  and,  moreover,  the  direction  of  the  needle  shows  that 
nt  goes  from  the  back  to  the  belly  of  the  fish.  Lastly,  if  the  current 
Til  torpedo  be  passed  through  a  helix  in  the  centre  of  which  is  a  small  steel 
r,  the  latter  is  magnetised  by  the  passage  of  a  discharge. 

By   means  of  the  galvanometer,    Matteucci   established  the   following 

\  !•  When  a  torpedo  is  lively,  it  can  give  a  shock  in  any  part  of  its  body^ 
kt  ai  its  vitality  diminishes,  the  parts  at  which  it  can  give  a  shock  arc 
prcr  the  organ  which  is  the  seat  of  the  development  of  electricity.  2.  Any 
iint  of  the  back  is  always  positive  as  compared  with  the  corresponding 
^tni  of  the  belly.  3.  Of  any  two  points  at  different  distances  from  the  clcc* 
tal  organ,  the  nearest  always  plays  the  part  of  a  positive  pole,  and  the 
rthcst  that  of  negative  pole.  With  the  belly  the  reverse  is  the  case. 
I  The  organ  where  the  electricity  is  produced  in  the  torpedo  is  double^  ftod 
^ed  of  two  parts  symmetrically  situated  on  two  sides  of  the  he^  and 
Inched  to  the  $kull-bone  by  the  internal  face.  P^ach  part  consists  of  nearly 
{rallel  lametlir  of  connective  tissue  inclosing  small  <  hambers,  in  which  lie 
i  90«called  eUcirical  pfaies^  each  of  which  has  a  final  nerve- ramification 
ItritKitcd  on  one  of  its  faces.  This  face,  on  which  the  nerve  ends,  is  turned 
i  fame  way  in  all  the  plates,  and  when  the  discharge  takcit  place  iii  always 
|atire  lo  the  other. 
Matteucci  investigated  the  influence  of  the  brain  on  the  cUsrhargc,  For 
I  purpose  he  laid  Ktrc  the  brain  of  a  living  torpedo,  and  found  that  the 
\  tltfM  lobes  could  be  Irritated  without  the  disr  harge  being  produced,  and 
I  they  were  removed  Uie  animid  still  possessed  the  £ai:ulty  of  giving 
The  fourth  lobe,  on  the  contrar)-,  could  not  be  irritated  without 
iite  production  of  the  djsch;irge  ;  but  if  it  was  removed^  all  di»* 
nt  of  electricity  disappeared,  even  if  the  other  lobes  remained 
loocbed*     J^ fence  it  would  appear  that  the  primary  source  of  the  electricity 
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elaborated  is  the  fourth  lobe,  whence  it  is  transmitted  by  means  of  the  nenres 
to  the  two  organs  described  above,  which  act  as  multipliers.  In  the  silunis 
the  head  appears  also  to  be  the  seat  of  the  electricity  ;  but  in  the  gymnotos 
it  is  found  in  the  tail. 

972.  ApplleatloB  of  eleotrloity  to  modieUie. — The  first  applications  (A 
electricity  to  medicine  date  from  the  discovery  of  the  Leyden  jar.  NolJei 
and  Boze  appear  to  have  been  the  first  who  thought  of  the  application,  and 
soon  the  spark  and  electrical  friction  became  a  universal  panacea,  but  it 
must  be  admitted  that  the  results  of  subsequent  trials  did  not  come  up  to  the 
hopes  of  the  early  experimentalists. 

After  the  discovery  of  dynamic  electricity  Galvani  proposed  its  applia- 
tion  to  medicine  ;  since  which  time  many  physicists  and  physiologists  hare 
been  engaged  upon  this  subject,  and  yet  there  is  still  much  uncertainty  as  to 
the  real  effects  of  electricity,  the  cases  in  which  it  is  to  be  applied,  and  the 
best  mode  of  applying  it.  Practical  men  prefer  the  use  of  currents  to  that 
of  statical  electricity,  and,  except  in  a  few  cases,  discontinuous  to  con- 
tinuous currents.  There  is,  finally,  a  choice  between  the  currents  of  the 
battery  and  induction  currents ;  further,  the  effects  of  the  latter  diner. 
according  as  induction  currents  of  the  first  or  second  order  are  used.  In 
fact,  since  induction  currents,  although  very  intense,  have  a  very  feeble 
chemical  action,  it  follows  that  when  they  traverse  the  organs,  they  do  doc 
produce  the  chemical  effects  of  the  current  of  the  battery,  and  hence  do  not 
tend  to  produce  the  same  disorganisation.  Further,  in  electrif>mg  the 
muscles  of  the  face,  induction  currents  are  to  be  preferred,  for  these  cunrcats 
only  act  feebly  on  the  retina,  while  the  currents  of  the  battery  act  enerjjcticaJIy 
on  this  organ,  and  may  affect  it  dangerously.  There  is  a  difference  in  the 
action  of  induced  currents  of  different  orders  ;  for  while  the  primar>'  induced 
current  causes  lively  muscular  actions,  but  has  little  action  on  the  cutaneous 
sensibility,  the  secondary  induced  current,  on  the  conlrar>',  increases  the 
cutaneous  sensibility  to  such  a  point  that  its  use  ought  to  be  proscribed  to 
persons  whose  skin  is  very  irritable. 

Hence  electrical  currents  should  not  be  applied  m  therapeutics  without  .\ 
thorough  knowledge  of  their  various  properties.  They  ought  to  be  used 
with  great  prudence,  for  their  continued  action  may  produce  serious  accidents 
Matteucci  says:  'In  commencing,  a  feeble  current  must  always  be  u>ed. 
This  precaution  now  seems  to  me  the  more  important  as  I  did  not  think  ;t 
so  before  seeing  a  paralytic  person  seized  with  almost  tetanic  con^iilsKC^ 
under  the  action  of  a  current  formed  of  a  single  element.  Take  care  not  to 
continue  the  application  too  long,  especially  if  the  current  is  encrcc:  •:. 
Rather  apply  a  frequently  interrupted  current  than  a  continuous  one,  espe 
cially  if  it  be  strong  ;  but  after  twenty  or  thirty  shocks,  at  most,  let  t.'-f 
patient  take  a  few  moments'  rest.^ 

Of  late  years,  however,  feeble  continuous  currents  have  come  more  'it\- 
use.     They  are  frequently  of  great  service  when  applied  skilfully,  so  a-  ' 
throw  the  nerves  of  the  diseased  part  into  a  state  of  cathelectrotonu> 
anelcctrotonus  (827),  according  to  the   object  which  is  wished  for  in  ^' 
given  case. 
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973.  llet«orolonr. — The  phenomena  which  are  produced  in  the  atmo- 
sphere are  called  meteors ;  and  meteorology  is  that  part  of  physics  which  is 
concerned  with  the  study  of  these  phenomena. 

A  distinction  is  made  between  aerial  meteors,  such  as  winds,  hurricanes, 
and  whirlwinds ;  aqueous  meteors,  comprising  fogs,  clouds,  rain,  dew,  snow, 
and  hail ;  and  luminous  meteors,  as  lightning,  the  rainbow,  and  the  aurora 
borealis. 

974.  Meteorofimpli. — The  importance  of  being  able  to  make  continuous 
observations  of  various  meteorological  phenomena  has  led  to  the  construc- 
tion of  various  forms  of  automatic  arrangements  for  this  purpose,  of  which 
that  of  Osier  in  England  may  be  specially  mentioned.  One  of  the  most  com- 
prehensive and  complete  is  Secchi's  meteorograph^  of  which  we  will  give  here 
a  description. 

It  consists  of  a  base  of  masonry  about  2  feet  high  (fig.  907) ;  on  this  are 
fixed  four  columns,  about  2.^  yards  high,  which  support  a  table  on  which  is 
a  clockwork  regulating  the  whole  of  the  movements  of  the  machine.  The 
plienomena  are  registered  on  two  sheets  which  move  downwards  on  two 
opposite  sides,  their  motion  being  regulated  by  clockwork.  One  of  them 
occupies  ten  days  in  so  doing,  and  on  it  are  registered  the  direction  and 
yclocity  of  the  wind,  the  temperature  of  the  air,  the  height  of  the  barometer, 
and  the  occurrence  of  rain  ;  on  the  second,  which  only  takes  two  days,  the 
barometric  height  and  the  occurrence  of  rain  are  repealed,  but  on  a  much 
larger  scale  ;  this  gives,  moreover,  the  moisture  of  the  air. 

Direction  of  the  wind, — The  four  principal  directions  of  the  wind  are 
registered  by  means  of  four  pencils  fixed  at  the  top  of  thin  brass  rods,  /i,  b^  r, 
4  {fiZ.  907),  which  are  provided  at  the  bottom  ends  with  soft  iron  keepers 
attracted  by  two  electromagnets,  E  K',  for  west  and  north,  and  by  two  other 
electromagnets  lower  down  for  south  and  cast.  These  four  electromagnets, 
as  well  as  all  the  others  on  the  apparatus,  are  worked  by  a  single  sand 
battery  (836)  of  twenty-four  elements.    The  passage  of  the  current  in  one  or 
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the  other  of  these  electromagnets  is  regulated  bf  means  of  a  vane  (6g.  908) 
consisting  of  two  plates  at  an  angle  of  thirty  d^rees  with  each  other,  bf 


Fig.  907. 

which  greater  steadiness  is  obtained  than  with  a  single  plate.     In  the  rod  ^ 
the  vane  is  a  small  brass  plate,  o  ;  this  part  is  in  the  centre  of  four  i^^ 
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Fig.  908. 


sectors  insulated  from  each  other,  and  each  provided  with  a  binding  screw, 
by  which  connection  is  established  with  the  binding  screw  K,  and  the  electro- 
magnets E  E'.  The  battery  current 
reaches  the  rod  of  the  vane  by  the  wire  a, 
and  thence  the  sliding  contact  <?,  which 
leads  it  to  the  electromagnet  for  the  north) 
for  instance. 

If  the  current  passed  constantly  in  this 
electromagnet,  the  pencil  on  the  rod  d 
Rpould  be  stationary  ;  but  from  the  electro- 
magnet E'  the  current  passes  into  a  second 
dectromagnet, «,  over  the  clockwork,  and 
Is  thereby  alternately  opened  and  closed, 
IS  will  be  seen  in  speaking  of  the  velocity 
af  the  wind.  Hence  the  armature  of  the 
rod  //,  alternately  free  and  attracted,  os- 
cillates ;  and  its  pencil,  which  is  always 
pressed  against  the  paper  AD  by  the 
elasticity  of  the  rod,  traces  on  it  a  series 
of  parallel  dashes  as  the  paper  descends, 
and  so  long  as  the  wind  is  in  the  north. 
If  the  wind  changes  then  to  west,  for 
Instance,  the  rod  a  oscillates,  and  its 
pencil  traces  a  different  series  of  marks. 

The  rale  of  displacement  of  the  paper  beinj;  known,  we  get  the  direction  of 
the  prevalent  wind  at  a  given  moment. 

Velocity  of  the  wind. — This  is  indi- 
cated by  a  Robinson's  anemometer^  and 
is  registered  in  two  ways  ;  by  two  counters 
which  mark  in  decametres  and  kilometres 
the  distance  travelled  by  the  wind  ;  and 
by  a  pencil  which  traces  on  a  table  acur\'e, 
the  ordinatcs  nf  which  are  proportional  to 
the  velocity  of  the  wind. 

Robinson,  who  originally  devised  this 
form  of  anemometer  (fig.  909),  proved  that 
its  velocity  is  proportional  to  that  of  the 
irind ;  in  the  present  apparatus  the  length 
of  the  arms  is  so  calculated  that  each  revo- 
lution corresponds  to  a  velocity  of  ten 
metres  (975)«  The  anemometer  is  placed 
ita  considerable  distance  from  the  meteor- 
Dgraph,  and  is  connected  with  it  by  a 
copper  wire,  </,  which  passes  to  the  electro- 
magnet, Hy  of  the  counter.  On  its  rod  there 
iSy  moreover,  an  excenlric,  which  at  each 
torn  touches  a  metallic  contact  in  connec- 
ion  With  the  wire  d.  The  battery  current  reaches  the  anemometer  by  a  wire, 
0,  the  current  is  closed  once  at  each  rotation,  and  passes  to  the  electro- 
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magnet  m,  which  moves  the  needle  of  the  dial  through  one  division.  There 
are  fifty  such  divisions,  which  represent  as  many  turns  of  the  vane,  and 
therefore  so  many  multiples  of  ten  metres.  The  lower  dial  marks  the  kilo- 
metres. 

The  curve  of  velocities  is  traced  on  the  sheet  by  a  pencil,  /,  fixed  to  a 
horizontal  rod.  This  is  joined  at  its  two  ends  to  two  guide-rods,  o  and/, 
which  keep  it  parallel.  The  pencil  and  the  rod  are  moved  laterally  by  a 
chain  which  passes  over  two  pulleys,  r^  and  r,  and  is  then  coiled  over  a  pulley 
placed  on  the  shaft  of  the  counter,  but  connected  with  it  merely  by  a  ratchet- 
wheel  :  and  moved  thus  by  the  counter  and  the  chain,  the  pencil  traces 
every  hour  on  the  sheet  a  line  the  length  of  which  is  proportioned  to  the 
velocity  of  the  wind.  From  hour  to  hour  an  excentric  moved  by  clockwork 
detaches,  from  the  shaft  of  the  counter,  the  pulley  on  which  is  coiled  the 
chain,  and  this  pulley  becoming  out  of  gear,  a  weight,  /,  connected  with  the 
pencil  /,  restores  this  to  its  starting-point.  All  the  lines,  V,  traced  succes- 
sively by  the  pencil,  start  from  the  same  straight  line  as  ordinates,  and  tbdr 
ends  give  the  curve  of  velocities. 

The  counters  on  the  right  and  left  are  worked  by  electromagnets,  m  m\ 
and  are  intended  to  denote  the  velocity  of  special  winds  ;  for  instance,  those 
of  the  north  and  south,  by  connecting  their  electromagnets  with  the  north 
and  south  sectors  of  the  vane  (fig.  909). 

Temperature  of  the  a/'r.— This  is  indicated  by  the  expansion  and  con- 
traction of  a  copper  wire  of  16  metres  in  length  stretched  backwards  and 
forwards  on  a  fir  post  8  metres  in  length.  The  whole  being  placed  on  the 
outside — on  the  roof,  for  instance — the  expansion  and  contraction  are  trans- 
mitted by  a  system  of  levers  to  a  wire,  ^,  which  passes  to  the  meteorograph, 
where  it  is  jointed  to  a  bent  lever,  /.  This  is  jointed  to  a  horizontal  rod,  i, 
which  supports  a  pencil,  and  at  the  other  end  is  jointed  to  a  guide-rod,  r. 
Thus  the  pencil,  sharing  the  oscillations  of  the  whole  system,  traces  the  aint 
of  the  temperatures. 

Pressure  of  the  atmosphere.— 'Wix^  is  registered  by  the  oscillations  of  a 
barometer,  B,  suspended  at  one  end  of  a  bent  scale-beam,  1  F,  playing  on  a 
knife-edge  (fig.  91 1).  The  arm  K  supports  a  counterpoise  ;  to  the  arm  I  is 
suspended  the  barometer  B,  which  is  wider  at  the  top  than  at  the  bottom. 
A  wooden  flange  or  floater,  Q,  fixed  to  the  lower  part  of  the  tube,  plunges  m 
a  bath  of  mercury,  so  that  the  buoyancy  of  the  liquid  counterbalances  part  of 
the  weight  of  the  barometer.  Owing  to  the  large  diameter  of  the  barometric 
chamber,  a  very  slight  variation  of  level  in  this  chamber  makes  the  tube 
oscillate,  and  with; it  the  scale-beam  IF.  To  the  axis  of  this  is  a  triangk. 
^^^,  jointed  to  a  horizontal  rod,  which  in  turn  is  connected  with  a  guide-rod. 
jr.  In  the  middle  of  this  rod  is  a  pencil  which,  sharing  in  the  osciIlatioD> 
of  the  triangle  ghk^  traces  the  curve  H  of  pressure.  A  bent  lever  at  the 
bottom  of  the  barometer  tube  keeps  this  in  a  vertical  position. 

Rainfall. — This  is  registered  between  the  direction  of  the  winds  and  the 
curve  H  by  a  pencil  at  the  end  of  a  rod, «/,  which  is  worked  by  an  electro- 
magnet, e.  On  the  roof  is  a  funnel  which  collects  the  rain,  and  a  long  tnbe 
leads  the  water  to  a  small  water-balance,  with  the  cups  placed  near  the 
meteorograph  (fig.  910).  To  the  axis  of  the  scale  beam  one  pole  of  the  battery 
is  connected  ;  the  left  cup  being  full,  tips  up,  and  a  contact,  n,  doses  the 
current,  which  passes  then  to  one  of  the  binding  screws,  C,  and  hence  to  the 
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lelectromagDet,  e.  Then  the  right  cup,  being  in  turn  full,  tips  in  the  opposite 
direction,  and  the  contact  ^  now  transmits  the  current  to  the  electromagnet, 
Rriiiis^  at  each  oscillation  this  latter  attracts  its  armature,  and  with  it  the 
ifod  a,  which  makes  a  mark  by  means  of  a  pencil  at  the  end.  If  the  rain  is 
k^bundant  the  oscillations  of  the  beam  are  rapid,  and  the  marks  being  very 
fclosc  together  give  a  deep  shade  ;  if,  on  the  contrar>%  the  oscillations  are 
fkm,  the  marks  are  at  a  greater  distance  and  give  a  light  shade.  When 
[file  rain  ceases  the  oscillations  cease  also,  and  the 
||>encil  makes  no  mark. 

[      To  complete  this  description  of  the  first  face  of 
phe  meteorograph :   S  is  the  alarum-bell  of  the  clock- 
•ork,  OO  a  cord  supporting  a  weight  which   moves 
le  works  of  the  hour-hand.     L  Z  is  a  second  cord  that 
the  weight   which    works   the   alarum ;   the 
U.  placed  below  the  clockwork,  winds  up  the 
icct  AD  when  it  is  at  the  bottom  of  its  course. 
The  second  sheet  (hg.  911)   gives  the  barometric 
l^dght  and  the  rainfall  Hke  the  6rst,  but  on  a  larger 
^cale,  since  the  motion  of  the  sheet  is  five  limes  as 
^pid.     Its  principal  function  is  that  of  registering  the 
toisture  of  the  air.    This  is  ejected  by  means  of  the 
\tyckromtter  (fig.  912).      T  and  T'  are  two  thcrmo- 
lers  fixed  on  two  plates.     The  muslin  which  covers 
le  second  is  kept  continually  moist  by  water  dropping  on  it.     In  each  of 
bulbs  are  fused  two  platinum  wires  ;  the  stems  of  (he  thermometers  are 
at  the  top,  and  in  them  arc  two  plitinum  wires,  tn  and  n,^  suspended 
a  metal  frame  movable  on  four  pulle>  s  supported  by  a  fixed  picce^  li, 
frame  A,  in  contact  with  the  current   of  the   battery,   is   suspended 
a   steel   wire,    L,   which    passes    over   a   pulley    to    the    meteorograph 
f$g,  910).    Here  is  a  long  triangular  lever,  VV^  which  supports  a  fcmall  whcej» 
o  which  is  fixed  the  wire  L.     The  lever  W,  which  turns  al>f»ut  an  axis,  f^  is 
B>aved  by  a  rod,  /i,  by  means  of  an  exccniric^  which  the  rlock  works  every 
jtiAJter  of  an  hour.     At  each  oscillation  the  lever  W  transmits  its  motion 
o  a  small  chariot,  on  which  is  an  electromagnet,  x^  and  at  the  sajne  time 
(he  sieel  wire  L,  which  supports  the  fr;une  A  (fig.  912).    The  chariot,  movi 
lowardfi  the  left  by  the  rotation  of  the  excentric,  lets  the  frame  sink 
iwiracnt  the  first  platinum  wire  reaches  the  mercurial  column  of  the  dry 
Mb  thermometer,  which  is  the  highest,  the  current  is  closed,  and  passes  into 
be  electromagnet  of  the  chariot.     An  arinjiiure  at  once  causes  a  pencil  to 
Hadt  a  point  on  the  sheet  which  is  the  tjeginning  of  a  line  representtng 
Iftib  €*f  the  dry  bulb  ihennometcr*     As  the  frame  continues  to  descend^ 
ccond  pbtinum  wire  touches}  the  mertury  of  the  wet  bulb|  And  closes 
mresit  bi  a  relay,  M,  which  oj^em  the  circuit  of  the  cleciromiit:rtet,  r.      ~ 
l«icil  is  then  detached  ;  tl»cn,  returning  upon  itself,  the  i 

be  closing  and  opening  of  the  circuit  in  the  opposite  ^  \ 

nabci  another  mark,  which  is  the  end  of  the  line.    Tl^  n%  fonn«d 

wo  soies  of  dots  arranged  in  two  curves,  tine  of  wliit  h  r »  hr  nath  of 

lie  dry,  and  the  other  the  path  of  the  wet,  bulb.   The  l 
;wo  pcitnts  of  tliese  curv»  is  proportional  to  lh«^  rl< 
indicated  at  the  same  moment  by  tbr 
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passes  into  this  reservoir,  and  as  its  section  is  one-fourth  that  of  the  funnel, 
the  height  of  water  which  falls  is  quadrupled  ;  it  is  measured  on  a  scale,  G, 
livided  into  millimetres. 

As  the  float  rises,  a  weight,  Z,  moves  the  pulley  in  the  contrary  direction, 
ind  its  rotation  is  proportional  to  the  height  of 
nrater  which  has  fallen.  A  pencil  moves  at  the 
same  time  from  the  centre  to  one  circumference  of 
Jic  paper  disc  with  a  velocity  of  5  mm.  in  24 
bours  :  hence  the  quantity  of  rain  which  falls  every 
iay  is  noted  on  a  different  place  on  the  paper 
iisc. 

975.  Bir action  and  Telocity  of  winds. — 
Winds  are  currents  moving  in  the  atmosphere  with 
irariable  directions  and  velocities.  There  are  eight 
principal  directions  in  which  they  blow — norths 
^orth-east^  east^  south- east ^  south,  south-west,  west, 
md  north-west.  Mariners  further  divide  each  of 
iie  distances  between  these  eight  directions  into 
■our  others,  making  in  all  32  directions,  which  are 
^3^\e6,  points  or  rhumbs,  A  figure  of  32  rhumbs 
>n  a  circle,  in  the  form  of  a  star,  is  known  as  the 
mariner's  card. 

Velocity  is  determined  by  means  of  the 
tmmometer  (fig.  909),  a  small  vane  with  fans, 
Hrhich  the  wind  turns  ;  the  velocity  is  deduced  from 
Jie  number  of  turns  made  in  a  given  time.  In  our 
dimate  the  mean  velocity  is  from  1 8  to  20  feet  in  a 
second.  With  a  velocity  of  less  than  18  inches  in 
I  second  no  movement  is  perceptible,  and  smoke 
isccnds  straight;  with  a  velocity  between  i^  and 
t  feet  per  second  the  wind  is  perceptible  and  moves  a  pennant ;  from  13  to 
r2  feet  it  is  moderate,  it  stretches  a  flag  and  moves  the  leaves  of  trees  ; 
viih  from  23  to  36  feet  velocity  it  is  fresh  and  moves  the  branches  of 
jccs  ;  with  36  to  56  feet  it  is  strong  and  moves  the  larger  branches  and 
he  smaller  stems  ;  with  a  velocity  of  56  to  90  feet  it  is  a  storm,  and  entire 
rccs  are  moved  ;  and  from  90  to  120  it  is  a  hurricane. 

To  measure  the  pressure  of  the  wind  a  plate  is  used,  which  by  means  of  a 
rane  is  always  kept  in  a  direction  opposite  that  of  the  wind.  Behind  the 
)late  are  one  or  more  springs  which  are  the  more  pressed  the  greater  is  the 
H-essure  of  the  wind  against  the  plate.  Knowing  the  distance  through  which 
he  plate  is  pressed,  we  can  calculate  the  pressure  which  the  wind  exerts  on 
lie  plate  in  question. 

With  some  degree  of  approximation,  and  for  low  velocities,  the  pressure 
nay  be  taken  as  proportional  to  the  square  of  the  velocity.  Thus,  if  the 
>ressure  on  the  square  foot  is  0*005  pound,  with  a  velocity  of  1*5  foot  in 
\ second,  it  is  002  pound  with  a  velocity  of  3  feet,  and  0*123  with  a  velocity 
of  7*33  feel. 

976.  Causes  of  winds. — Winds  are  produced  by  a  disturbance  of  the 
equilibrium  in  some  part  of  the  atmosphere  :  a  disturbance  always  resulting 
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from  a  difference  in  temperature  between  adjacent  countries.  Thus,  if  the 
temperature  of  a  certain  extent  of  ground  becomes  higher,  the  air  in  contact 
with  it  becomes  heated,  it  expands  and  rises  towards  the  higher  regions  of 
the  atmosphere  ;  whence  it  flows,  producing  winds  which  blow  from  hot  to 
cold  countries.  But  at  the  same  time  the  equilibrium  is  destroyed  at  the 
surface  of  the  earth,  for  the  barometric  pressure  on  the  colder  adjacent  parts 
is  greater  than  on  that  which  has  been  heated,  and  hence  a  current  will  be 
produced  with  a  velocity  dependent  on  the  difference  between  these  pres- 
sures ;  thus  two  distinct  winds  will  be  produced — an  upper  one  setting  mi^- 
wards  from  the  heated  region,  and  a  lower  one  setting  irnvards  towards  it 

977.  Ret vlar,  peiiodloal*  and  variable  winds. — According  to  the  more 
or  less  constant  directions  in  which  winds  blow,  they  may  be  classed  as 
regular,  periodical,  and  variable  winds. 

i.  Regular  winds  are  those  which  blow  all  the  year  through  in  a  virtuaDf 
constant  direction.  These  winds,  which  are  also  known  as  the  trcuie  winds, 
are  uninterruptedly  observed  far  from  the  land  in  equatorial  regions,  blowing 
from  the  north-east  to  the  south-west  in  the  Northern  Hemisphere,  and  from 
the  south-east  to  the  north-west  in  the  Southern  Hemisphere.  They  prevail 
on  the  two  sides  of  the  equator  as  far  as  30**  of  latitude,  and  they  blow  io 
the  same  direction  as  the  apparent  motion  of  the  sun — that  is,  from  east  to 
west. 

The  air  above  the  equator  being  gradually  heated,  rises  as  the  sun  passes 
round  from  east  to  west,  and  its  place  is  supplied  by  the  colder  air  from  the 
north  or  south.  The  direction  of  the  wind,  however,  is  modified  by  this  fact, 
that  the  velocity  which  this  colder  air  has  derived  from  the  rotation  of  the 
earth — namely,  the  velocity  of  the  surface  of  the  earth  at  the  point  from 
which  it  started — is  less  than  the  velocity  of  the  surface  of  the  earth  at  the 
point  at  which  it  has  now  arrived  :  hence  the  currents  acquire,  in  reference 
to  the  equator,  the  constant  direction  which  constitutes  the  trade-winds. 

ii.  Periodical  winds  are  those  which  blow  regularly  in  the  same  directiot 
at  the  same  seasons  and  at  the  same  hours  of  the  day  :  the  monsoon, 
simoom,  and  the  land  and  sea  breeze  are  examples  of  this  class.  The  name 
monsoon  is  given  to  winds  which  blow  for  six  months  in  one  direction  and 
for  six  months  in  another.  They  are  principally  observed  in  the  Red  Sea 
and  in  the  Arabian  Ciulf,  in  the  Bay  of  Bengal  and  in  the  Chinese  Sea. 
These  winds  blow  towards  the  continents  in  summer,  and  in  a  contrary 
direction  in  winter.  The  simoom  is  a  hot  wind  that  blows  over  the  dcscns 
of  Asia  and  Africa,  and  which  is  characterised  by  its  high  temperature  and 
by  the  sands  which  it  raises  in  the  atmosphere  and  carries  wiih  it.  During 
the  prevalence  of  this  wind  the  air  is  darkened,  the  skin  feels  dr\\  the 
respiration  is  accelerated,  and  a  burning  thirst  is  experienced. 

This  wind  is  known  under  the  name  of  sirocco  in  Italy  and  Algiers,  where 
it  blows  from  the  great  desert  of  Sahara.  In  Egypt,  where  it  prevails  fron 
the  end  of  April  to  June,  it  is  called  kamsin.  The  natives  of  Africa,  in  order 
to  protect  themselves  from  the  effects  of  the  too  rapid  perspiration  occasiooed 
by  this  wind,  cover  themselves  with  fatty  substances. 

The  land  and  sea  breeze  is  a  wind  which  blows  on  the  sea-coast,  during 
the  day  from  the  sea  towards  the  land,  and  during  the  night  from  the  land  w 
the  sea.     For  during  the  day  the  land  becomes  more  heated  than  the  sea.  ia 
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msequence  of  its  lower  specific  heat  and  greater  conducti\ity,  and  hence  as 
le  superincumbent  air  becomes  more  heated  than  that  upon  the  sea,  it  as- 
itids  and  is  replaced  by  a  current  of  colder  and  denser  air  rtowing  from  the 
towmrds  the  land.     During  the  night  the  land  cools  more  rapidly  than  the 
Hid  hence  the  same  phenomenon  is  produced,  but  in  a  contrary  direction. 
breeze  commences  after  sunrise,  increases  up  to  three  o'clock  in  the 
n,   decreases  towards  evening,  and  is  changed  into  a  land  bree«c 
set     These  winds  are  only  perceived  at  a  slight  distance  from  the 
They  arc  regular  in  the  tropics,  but  less  so  in  our  climates  ;  and 
of  ihcm  are  seen  as  far  as  the  coasts  of  Greenland.     The  proximity  of 
lOtintains  also  gives  rise  to  periodical  daily  breezes. 
iiL    Variable  unnds  are  those  which  blow  sometimes  in  one  direction  and 
times  in  another,  alternately,  without  being  subject  to  any  law.    In  mean 
ides  the  direction  of  the  winds  is  very  variable  ;  towards  the  poles  this 
larity  increases,  and  under  the  arctic  zone  the  winds  frequently  blow 
several  points  of  the  hori7.on  at  once.     On  the  other  hand,  in  approach- 
torrid  zone,  they  become  more  regular.     The  south-west  wind  prevails 
land,  in  the  north  of  France,  and  in  Germany  ;  in  the  south  of  France 
ic  direction  inclines  towards  the  north,  and  in  Spain  and  Italy  the  north 
^nd  predom mates. 

978.  &«w  of  t]i0  rotaUoD  of  winds. — Spite  of  the  great  irregularity 
phich  characterises  the  direction  of  the  winds  in  our  latitude,  it  has  been  as* 

iiicd  that  the  wind  has  a  preponderating  tendency  to  veer  round  accord- 
to  the  &un'&  motion— that  is,  to  pass  from  north,  through  north  east,  cast- 
9ttth-east  to  south,  and  so  on  round  in  the  same  direction  from  west  to 
pith ;  that  it  often  makes  a  complete  circuit  in  that  direction,  or  more 
00c  in  succession,  occupying  many  days  in  doing  so^  but  that  it  rarely 
dmd  %*er)'  rarely  or  never  makes  a  complete  circuit  in  the  opposite 
tioo.  This  course  of  the  winds  is  most  regularly  ob!ier\'cd  in  winter. 
According  to  Leverrier,  the  displacement  of  the  north-east  by  the  south- 
wind  rises  from  the  occurrence  of  a  whirlwind  formed  upon  the  Gulf 
Ifneatn.  For  a  station  in  south  latitude  a  contrary  law  of  rotation  prevail*. 
Thin  law,  though  more  or  less  suspected  for  a  long  lime,  was  first  formally 
i  and  explained  by  Dove,  and  is  known  as  Dm/^s  law  e/r&tatt^n 

979.  ^ITcAt&er   otoart*.  —A   considerable   advance   has   be«n  m*dc   in 
ftther  forecasts  by  the  frequent  and  systematic  publication  of  WMfA/r 

is ;  that  is  to  say,  map»  in  which  the  barometric  pressure,  the  ten^pc- 
,  the  force  of  the  wind,  &c.,  are  expressed  for  considerable  areas,  in  an 
\  luid  comprcheniiive  manner.     A  careful  study  of  such  maps  render* 
►Ic  a  forecsist  of  the  weather  for  a  day  or  more  in  advance.     We  ran 
rr  do  little  more  than  explain  the  meaning  of  the  principal  term*  in  use* 
If  lines  are  drawn  through  those  places  on  the  earth*!*  surface  where  the 
rcctcd   barometric  height  at  a  given  time  is  the  same,  such  lines  are 
w^«7rrv/r^/rjV//>/^i,  or  more  briefly,  I jf^^rrrVhrir  sirf.     Between 

10  pomts  on   the   same  isobar  there  is   no  of  prc«urc. 

I  ams  usually  drawn  for  a  difference  of  5  mm.,  ot  of  {^  of  an  inch. 
if  we  take  a  horizontal  line  between  two  isobani,  and  at  that  point  at 
liich  the  pressure  is  greatest  draw  a  perpendicular  Ime  on  any  suitable 
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scale,  which  shall  represent  the  difference  in  pressure  between  the  two  places, 
the  line  drawn  from  the  top  of  this  perpendicular  to  the  lower  isobar  uill 
form  an  angle  with  the  horizontal,  and  the  steepness  of  this  angle  is  a 
measure  of  the  fall  in  pressure  between  the  two  stations,  and  is  called  the 
barometric  gradient.  Gradients  are  usually  expressed  in  England  and 
America  in  hundredths  of  an  inch  of  mercury  for  one  degree  of  sixty  nautical 
miles,  and  on  the  Continent  in  millimetres  for  the  same  distance.  The 
closer  are  the  isobars  the  steeper  is  the  gradient,  and  the  more  poiA-crfoI 
the  wind  ;  and  though  no  exact  numerical  relationship  can  be  proved  to  exist 
between  the  steepness  of  the  gradient  and  the  force  of  the  wind,  it  may  be 
mentioned  that  a  gradient  of  about  6  represents  a  strong  breeze  ;  and  i 
gradient  of  lo,  or  a  difference  in  pressure  of  /^  of  an  inch  for  60  miics. 
is  a  stiff  gale. 

The  direction  of  the  wind  is  from  the  place  of  higher  pressure  to  that  of 
lower,  and  in  this  respect  the  law  of  Buys  Ballot  may  be  mentioned,  which 
has  been  found  to  hold  in  all  cases  in  the  Northern  Hemisphere,  where 
local  configuration  does  not  come  into  play.  If  we  stand  with  <mr  boikte 
the  wind  the  line  of  lower  pressure  is  on  the  left  hand.  For  places  in  the 
Southern  Hemisphere  exactly  the  opposite  law  holds. 

If  within  any  area  the  pressure  is  lower,  the  wind  blows  round  that  area, 
the  place  of  lowest  pressure  being  on  the  left  The  direction  of  the  wind  is 
in  short,  opposite  that  of  the  hands  of  a  watch.  Such  a  circulation  is  called 
cyclonic  \  it  is  that  which  is  characteristic  of  the  West  Indian  hurricane^, 
which  are  known  as  cyclones.  Conversely  the  wind  blows  round  an  area  «< . 
higher  pressure  in  the  same  direction  as  the  hands  of  a  watch  ;  and  this  ci: 
culation  is  called  anti-cyclo7iic. 

Cyclonic  systems  are  by  far  the  most  frequent,  and  are  characterised  b> 
steep  gradients  ;  the  air  in  them  tends  to  move  in  towards  the  centre,  anc 
thence  to  the  upper  regions  of  the  atmosphere.  They  bring  with  them,o\cr 
the  greater  part  of  the  region  which  they  cover,  much  moisture,  an  abuniiancc 
of  cloud,  and  heavy  rain.  Anti-cyclonic  systems  have  the  opposite  charac 
teristics  ;  the  gradients  are  slight,  the  wind  light,  and  it  moves  with  ihehar.il> 
of  a  watch.  The  air  is  dr>',  so  that  there  is  but  little  cloud,  and  no  rai- 
Cyclonic  systems,  from  the  dampness  of  the  air,  produce  warm  weather  .n 
winter,  and  cold,  wet  weather  in  summer.  Anti-cyclonic  systems  bring  o"J' 
hardest  frosts  in  winter  and  greatest  heat  in  summer,  as  there  is  but  I:*' « 
moisture  in  the  air  to  temper  the  extremes  of  climate.  Both  systems  travel  over 
the  earth's  surface — the  cyclones  rapidly,  but  the  anti-cyclones  more  slo«> 

980.  To%%  and  Bllftts. — When  aqueous  vapour  rising  from  a  vessel  •>'* 
boiling  water  diffuses  in  the  colder  air,  it  is  condensed  ;  a  sort  of  cloud  & 
formed  which  consists  of  a  number  of  small  hollow  vesicles  of  water,  whKb 
remain  suspended  in  the  air.  These  are  usually  spoken  of  as  vapour,  >e: 
they  are  not  so — at  any  rate  not  in  the  physical  sense  of  the  word,  i^'^  »' 
reality  they  are  partially  condensed  vapour. 

When  this  condensation  of  aqueous  vapour  is  not  occasioned  by  conu^"- 
with  cold  solid  bodies,  but  takes  place  throughout  large  spaces  of  the  i:iri> 
sphere,  it  constitutes y<7^j  or  mists ^  which,  in  fact,  are  nothing  more  tlu::  lif 
appearance  seen  over  a  vessel  of  hot  water. 

A  chief  cause  of  fogs  consists  in  the  moist  soil  being  at  a  higher  tec 
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pcmturc  than  ihe  air.  The  vapours  which  then  ascend  condense  and  become 
fisibte.  In  all  cases,  however,  the  air  must  have  reached  Us  point  of  satura- 
loo  before  condensation  takes  place.  Fog^s  may  also  be  produced  when  a 
Jurrcni  of  hot  and  moist  air  passes  over  a  river  at  a  lower  temperature  than 
Is  own,  for  ihen^  the  air  being^  cooled,  as  soon  as  it  is  saturated,  the  excess 
)/L  vapour  present  is  condensed.  The  distinction  between  mists  and  fogs  is 
^  of  de^jrce  rather  than  of  kind,     A  fog  is  a  very  thick  mist 

When  water  is  coated  with  a  layer  of  coal-tar,  it  is  prevented  from  cva 
►oratinif.  Frankland  ascribes  the  dry  fog  met  with  in  London  to  the  larg 
\  s  of  coal -tar  and  parafline  vapour  which  are  sent  into  the  atmosphere, 

\  ii.  condensing  on  the  vesicles  of  fog,  prevent  their  evaporation, 

.  Aitkin  has  shown  that  aqueous  vapour  never  condenses  unless  somQ 
Iquid  or  solid  is  present  on  which  it  is  deposited.  Particles  of  dust  in 
it  are  the  nuclei  for  clouds  and  fogs*  This  he  showed  by  passing  steam 
ftto  filtered  air  ;  it  remained  quite  clear,  while  a  turbidity  was  produced 
Hitler  the  ^amc  circumstances  in  untlltcred  air.  The  density  of  the  cloud 
K  *,  r'^.itul  to  depend  on  the  number  oi  particles  of  dust  in  the  air.  A  most 
f  source  of  dust  is  the  combustion  of  coal.  The  sulphur  in  the  coal 
i  i^u*M.iig  also  forms  sulphurous  acid,  which,  though  a  gas,  is  found  to  act 
i  %  nucleus. 

f  9S1.  e\^^A%.— 'Clouds  are  masses  of  vapour,  condensed  into  little  drops 
f  vesicles  of  extreme  minuteness,  like  fogs.  There  is  no  difference  of  kindl 
rt%^'ecn  fo>;?i  and  clouds*  Fogs  are  clouds  resting  on  the  ground.  To  a 
ri^oti  enveloped  in  it,  a  cloud  on  a  mountain  appears  like  a  fog.  They 
l^ays  result  from  the  condensation  of  vapour  which  rises  from  the  earth, 
icctifding  to  their  appearance,  they  have  been  divided  by  Howard  into  four 
riiicipAl  kinds  :  the  nimbus^  the  stratus^  the  cumulus^  and  the  lirrus.   These 

r  kinds  are  represented  in  fig.  9 1 3,  and  arc  dezjigiiated  respectively  by  one, 

^  three,  and  four  birds  on  the  wing. 

The  arraf  consists  of  small  whitish  clouds,  which  have  a  fibrous  or  wispy 
ipeamncei  and  occupy  the  highest  regions  of  the  atmosphere.  The  name 
'  mmri/  iaiis^  by  which  they  arc  generally  known,  well  describes  tl 
bfic^Arance.  From  the  low  temperature  of  the  spaces  which  they  occupy, 
I  is  more  than  probable  thai  cirrus  clouds  consist  of  fritzcn  particles  ;  and 
mice  it  it  that  halos,  coronas,  and  other  optical  appearances,  produced  by 
lion  and  reflection  from  ice-crystals,  ap[>eAr  ahnost  always  m  these 
ids  aiwl  their  derivatives.    Their  appearance  often  precedes  a  change  of 

Aha. 

b'    The  cumulus  are  rounded  spherical  forms  which  look  like  iTiQttjitJun%l 
d  iMie  on  tlie  oilier.     They  arc  more  frequent  in  summer  than  in  winter,|f 
I  niter  being  formed  In  the  morning  they  generally  disappear  low-ird*^ 
\  If»  on  the  contiary,  they  become  more  numerous,  and  especially 

II ted  by  rtrnis  clouds,  rain  or  storms  may  be  expected* 

t  onsist  of  very  large  and  continuous  horizontal  thects» 
;^  :  'tl   sunset  and  disappear  at  sunrise.     They  are  frequent 

aytinnn  and  unu?»ual  in  spring*time,  and  are  lower  than  the  preceding. 
The  nimbus^  or  rain  clouds,  which  are  sometimes  classed  as  on*    of  the 
I  varieties,  arc  properly  a  combination  of  tJic  three  \ 
ry  affeci  no  particular  form,  and  arc  solely  distingui^i  -^  ..j  ^ 


\ 
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Tbey  are  indicated  on  the  riglit  ^ 


uniform  ^ey  tint  and  by  fringed  edges, 
the  figure  by  the  presence  of  one  bird. 

The  fundamental  forms  pass  into  one  another  in  the  most  varied  mafuw; 
Howard  has  classed  these  transitional  forms  as  cirra-cuntuhts^  drttPsintKK 
and  aanuh' stratus^  and  it  is  often  very  difficult  to  tell^  from  the  appeaiaiS 
of  a  cloud,  which  type  it  most  resembles.  The  cirro-cumulus  ts  u 
racteristically  known  as  a  ♦mackerel  sky  ;^  it  consists  of  small 
masses,  disposed  with  more  or  less  irregularity  and  connection.  It  i»i 
quent  in  summer,  and  attendant  on  warm  and  dr)^  weather,  Cimh^jirttm 
appears  to  result  from  the  subsidence  of  the  6b res  of  cirrus  to  a  1 
position  at  the  same  time  approaching  laterally.  The  form  and 
position,  when  seen  in  the  distance  frequently  give  the  idea  of  shoals  ol&i. 
The  tendency  of  cumu/o-s/ralus  is  to  spread,  settle  down  into  ibc 
and  finally  fall  as  rain. 


The  height  of  clouds  varies  greatly  ;  in  the  mean  tt  is  from  1,300  to  t,J» 
yards  in  winter,  and  from  3,300  to  4,300  yards  m  summer.  But  they  dhu 
exist  at  greater  heights  ;  Gay-Lussac,  in  his  balloon  ascent^  at  a  bd^lttf' 
7,630  yards,  observed  cirrus  clouds  above  him,  which  appeared  to  W  at  * 
considerable  height.  In  Ethiopia,  D'Abbadie  obser%xd  staiiSKkMid*  mbax 
height  was  only  230  yards  above  the  ground. 

In  order  to  explain  the  suspension  of  clouds  in  the  aimo^r*— ^  ^*-9ff 
first  propjosed  the  hypothesis  of  vesicular  vapours.     He  suppc)>  j6 

are  fomied  of  an  infinity  of  extremely  minute  vesicles,  hollo .t,  i*kc  ««^ 
bubbles  filled  with  air,  which  are  hotter  than  the  surrounding  air  ;  wi  (N* 
these  vesicles  float  in  the  air  like  so  many  small  balloons.  Otben  ui^f 
that  clouds  and  fogs  consist  of  extremely  minute  droplets  of  water  ithkfr  K^ 
retained  in  the  atmosphere  by  the  ascensional  force  of  ccurratt  of  hoi  itf* 
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just  as  light  powders  are  raised  by  the  wind.  Ordinarily,  clouds  do  not 
appear  to  descend,  but  this  absence  of  downward  motion  is  only  apparent. 
In  fact,  clouds  do  usually  fall  siowly,  but  then  the  lower  part  is  continually 
dissipated  on  coming  in  contact  with  the  lower  and  more  heated  layers  ;  at 
the  same  time  the  upper  part  is  always  increasing  from  the  condensation  of 
vapours,  so  that  from  these  two  actions  clouds  appear  to  retain  the 
height. 

982.  roraiatloii  <if  clouds.— Many  causes  may  concur  in  the  formation 
of  clouds.  The  usual  cause  of  the  formation  of  a  cloud  is  the  ascent,  into 
bigheT  regions  of  the  atmosphere,  of  air  laden  with  aqueous  vapour ;  it 
tbcfeby  expands,  being  under  diminished  pressure  ;  and  in  consequence 
of  this  expansion  it  is  cooled,  and  this  cooling  produces  a  condensation  of 
vsipour.  Hence  it  is  Uiat  high  mountains,  stopping  the  currents  of  air  and 
forcing  them  to  rise,  arc  an  abundant  source  of  rain.  If  the  air  is  quite  dry 
its  temperature  would  be  one  degree  lower  for  every  300  metres.  The  case 
IS  djiierent  with  moist  air ;  for  when  the  air  has  ascended  so  high  that  its 
temperature  has  fallen  to  the  dew-point,  aqueous  vapour  is  condensed,  and 
m  consequence  of  this  heat  is  liberated ;  when  the  dew-point  is  thus  attained, 
Slid  the  air  is  saturated,  the  cooling  due  to  the  ascent  and  expansion  of  air 
IS  counteracted  by  this  liberation  of  latent  heat,  so  that  the  diminution  of 
ipcrature  with  the  height  is  considerably  slower  in  the  case  of  moist  than 
Iry  air. 

The  following  calculation  will  give  us  the  quantity  of  water  separated  in 
s  given  case  :  Suppose  air  at  a  temperature  of  20'  to  be  saturated  with 
tus  vapour  at  that  temperature  ;  the  pressure  of  the  vapour  will  be  17*4 
,  and  the  weight  contained  in  one  cubic  metre  of  air  17*1  grammes. 
If  the  air  has  risen  to  a  height  of  3,500  metres,  it  has  come  under  a 
pressQre  which  is  only  \  of  what  it  was  ;  its  temperature  is  4^,  and  its 
volllfilt  about  i)  time  what  it  originally  was.  As  it  remains  saturated  the 
prcssQfe  will  be  6*1  mm.,  and  the  quantity  of  vapour  will  t>e  6*4  granmies 
in  a  cubic  metre,  that  is  to  say,  64  »«  i  J  «=  96  grammes  in  the  whole  mass  of 
vlist  was  originally  a  cubic  metre.  The  pressure  of  aqueous  vapour  has 
sunk  daring  the  ascent  from  17*4  mm.  to  6*1  mm.,  and  its  weight  17*1 
to  9'6 grammes ;  that  is,  a  weight  of  7*5  grammes  has  been  deposited 
^tllftt  mass  of  air  which  at  the  sea4evcl  occupied  a  space  of  one  cubic 
These  75  grammes  are  in  the  form  of  the  small  droplets  whicb 
iStHiire  fogs  or  clouds. 

If  the  ma«s  of  air  had  risen  to  a  height  of  8,500  metres,  where  the  pres* 
t«  only  one-third  that  on  the  sea-level,  the  temperature  is  -^S'^,  and 
spsce  it  ocrupies  three  times  as  great  as  at  tirsl.  The  pressure  of 
IS  vapour  is  0-5  mm.,  and  its  weight  0*6  i^amme  in  a  cubic  metre. 
there  arc  now  only  I  8  gramme  left  of  the  entire  quantity  of  aqueous 
vspoitr  originally  present,  and  the  remaining  153  grankmes  would  be 
separated  .\s  water  or  ice.  A  similar  calculation  will  show  that  at  a  height 
of  4^300  metres,  where  the  temperature  is  icro  and  the  pressure  fi  the  quan^ 
lily  of  water  present  in  the  original  cubic  metre  is  only  *Sa  gramme,  the 
being  deposited. 
Thus^  a  mass  of  air  which,  at  the  sea-terel^  occupies  a  space  of  a  cubic 
and  is  saturated  with  aqueous  vapour  at  ao%  and  then  cootaids  17*1 
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grammes,  will  only  contain  9-6  ^ammes  at  a  height  of  5,500  coetfCA,  It 
grammes  at  4,200  metres,  and  iS  gramme  ai  8^500  metres.  Hence,  ^^ 
a  mass  of  air  rises  from  the  sea-level  ro  a  height  of  4,200  ft^  $-9gmiiiilcs«f 
aqueous  vapour  are  separated  as  cloud-vesicles  ■  at  8,500  metres,  Of  itai 
double  the  height,  6*4  grammes  are  separated  in  the  form  of  toe 

A  hot  moist  current  of  air  mixing  with  a  colder  curreat  ttodcffoci  t 
cooling>  which  brings  about  a  condensation  of  the  v^apour,  Thss  llbe  b* 
and  moist  winds  of  the  south  and  south-west,  mixing  with  the  colder  sir  '* 
our  latitudes,  give  rain.  The  winds  of  the  north  and  nonh*east  ICDd  aImi 
in  mixing  with  our  atmosphere,  to  condense  the  vapours  ;  but  as  these 
owing  to  their  low  temperature,  arc  very  diy,  the  mixture  rarely 
saturation,  and  generally  gives  no  rain. 

The  formation  of  clouds  in  this  way  is  thus  explained  by  Hutloik  TV 
tension  of  aqueous  vapour,  and  therewith  the  quantity  present  in  «  |wia 
space  when  saturated,  diminishes  according  to  a  geometric  progrspaB^ 
while  the  temperature  falls  in  arithmetical  progressi<m,  and  thini^bft  li^ 
elasticity  of  ihe  vapour  present  at  any  time  is  reduced  by  a  fall  of  tempenture 
more  rapidly  than  in  direct  proportion  to  the  fall.  Hence,  if  a  ctnmt  i# 
warm  air,  saturated  with  aqueous  vapour,  meets  a  current  of  c^ld  atr  aim 
saturaledn,  the  air  acquires  the  mean  temperature  of  the  two,  but  caa  calf 
retain  a  portion  of  the  vapour  in  the  invisible  condition,  and  a  rioud  of  miii 
is  formed.  Thus,  suppose  a  cubic  metre  of  air  at  lo"  C.  mixes  with  Acahic 
metre  of  air  at  20°  C,  and  that  they  arc  respectively  sattsmied  with  aqoeca 
vapour.  By  fonmila  (401)  it  is  easily  calculated  that  ihr  ..*••  •,*  ./«nie 
contained  in  the  cubic  metre  of  air  ai  lo**  C.  is  9397  gr.i  4i 

at  20'  C.  is  17 "632  grammes,  or  2 7 "029  grammes  in  alL  \.  ..^.^  ..,.^^.  i^if 
produce  two  cubic  metres  of  air  at  15°  C.  ;  but  as  the  weight  iif  water  it- 
quired  to  saturate  this  is  only  2x  13*8*25*6  grammes,  the  excr  •  ***^ 
gramme,  will  be  deposited  in  the  form  of  mist  or  clouds. 

983.  Sain. — When  the  individual  vapour- vesicles  becoaie  tar^r?  «>- 
heavier  by  the  constant  condensation  of  aqueous  vapour«  and  wbcn  finfif 
individual  vesicles  unite,  they  form  regular  drops,  which  61II  as  rmn^ 

The  quantity  of  rain  which  falls  annually  in  any  given  plvrr,  i*rtbe  aimMl 
rainfall,  is  measured  by  means  of  a  rain-giwgc^  or  phiviom  ioMitlf  11 

consists  of  u  j^  tciMi 

M  (figs.  914  ^tiia  VI  5>  doMiiil 
the  top  by  a  fxmn<ei'slui|itd  Ii4 
in  which  there  is  a  i«ry  ivii 
hole,  throt^h  wtikJi  tbe  1^ 
falls.  At  the  bottotn  of  ie 
vessel  is  a  glass  ^'^-^  V  i* 
which    the   %i^ier  >* 

same  height  VA  v^*^^  i^.i.  »a^ 
gauge,  aod  \%  measured  br  ^ 
scale  cm  the  skU^  as  sli0«i  ^ 
the  figures^ 

Kig,  V14.  n%,  915.  "^b®  apparatos  \rigs%  ^^ 

in  an  exposf^  sitlMtioiit  ^  ^ 
the  end  of  a  mooth  the  height  of  water  in  the  tube  i&  twti  todMSi  for  i 
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tt  shoM»'S  that  the  water  has  attained  this  lieight  in  the  vessel,  and,  consc- 
quentJy,  that  a  layer  of  two  inches  in  depth  expresses  the  quantity  of  rain 
nhich  this  extent  of  surface  has  received. 

It  has  been  noticed  that  the  quantity  of  rain  indicated  by  the  rain-gauge 
is  greater  as  this  instrument  is  nearer  the  ground.  This  has  been  ascribed 
lo  the  fact  that  the  raindrops,  which  are  generally  colder  than  the  layers  of 
air  which  they  traverse,  condense  the  vapour  in  these  layers,  and  therefore 
»ostantly  Increase  in  volume.  Hence  more  rain  falls  on  the  surface  of  the 
fUnd  than  at  a  certain  height.  But  it  has  been  objected  that  the  excess 
the  quantity  of  rain  which  falls,  over  that  at  a  certain  height,  is  six  or 
!ii  times  that  which  could  arise  from  condensation,  even  during  the  whole 
irse  of  the  raindrops  from  the  clouds  to  the  earth.  The  difTcrence  must 
icrefore  be  ascribed  to  purely  local  causes,  and  it  is  now  assumed  that  the 
i(!ereDce  arises  from  eddies  produced  in  the  air  about  the  rain-^auge,  which 
more  perceptible  as  it  is  higher  above  the  ground  ;  as  these  eddies  dis- 
perse the  drops  which  would  otherwise  fall  into  the  instrument,  ihey  diminish 
the  quantity  of  water  which  it  receives^ 

!f^  nny  case  it  is  clear  that  if  raindrops  traverse  moist  air,  they  will,  from 
T  peraturc,  condense  aqueous  vapour  and  increase  in  volume.     If,  on 

\\  *u7,  they  traverse  dry  air,  the  drops  lend  to  vaporise,  and  less  rain 

than  at  a  certain  height  \  it  might  even  happen  that  the  rain  did  not 
li  the  earth. 

From  measurements  of  the  corona:  (981}  Deleienne  determined  the 
of  the  globules  in  the  case  of  rain-clouds  just  about  to  fall,  and  in  the 
of  the  cloud  from  a  low-pressure  steam-engine  (471),  The  former 
found  to  vary  from  0*0565  to  00226  mm.,  and  the  latter  from  0*005 <  ^^ 
2  mm.  With  the  former  5,500  droplets  would  be  needed  to  make  a 
of  water  a  millimetre  in  diameter,  and  with  the  latter  50,000. 
According  to  the  same  author  there  would  be  about  f  5mgT,  of  globules  in 
ic  metre  of  a  doud  which  prcnluced  a  rainfall  of  lomnir  of  water  in  an 
With  this  number  the  mean  distances  of  the  vesicles  with  the  above 
itudcf  arc  respectively  1*845,  0706,  0-167,  *nd  o- 148mm. 
The  rainfall  varies  with  the  height  of  a  station  above  the  sea^levei,  at 
fste  of  J  or  4  per  cent  for  each  100  feet  of  altitude  above  the  sea, 
Mmay  local  circumstances  may  effect  the  quantity  of  rain  which  falls  in 
it  countries  ;  but,  other  things  being  equal,  most  rain  falls  in  hot  cli- 
itt,  for  there  the  vaponsation  is  most  abundant  The  rainfall  decreases, 
faict,  from  the  equator  to  the  poles.  At  London  it  is  tyi  Inches  ;  at 
mux  it  is  25*8  ;  at  Madeira  it  is  377  ;  at  Havannah  it  \%  91*2  ;  and  at 
Domingo  it  is  107*6.  The  quantity  varies  with  the  season  :  in  Paris,  in 
ti^,  it  is  4*2  inches  ;  in  spring,  69  ;  in  summer,  6*5  ;  and  in  autumn,  48 
The  heaviest  annual  rainfall  at  any  place  on  the  globe  is  on  the 
Hills  in  Bengal,  where  it  is  600  inches  ;  of  which  500  inches  fall  in 
mootlis.  On  July  i,  1B51,  a  rainfall  of  25}  inches  on  one  day  was 
elncrred  at  Cherrapoonjee*  At  Kurracbce,  in  the  north*we$t  of  India,  the 
fsinlal]  is  only  7  inches. 

tThe  driest  recorded  place  in  England  is  Lincoln,  whr  ! 
10  iiicbes  ;  and  the  wettest  is  Stye,  at  the  head  of  Boi . 
4t  where  it  amounts  to  165  inches.   The  greatest  average  airiount  of  rmm 
;_ 
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fall  in  any  one  day,  taking  the  means  of  all  stations,  is   i  \  inch  ;  thou;gb 
individual  stations  far  exceed  this  amount,  sometimes  reaching  4  inches. 

An  inch  of  rain  on  a  square  yard  of  surface  expresses  a  fall  of  4671 
pounds,  or  46;  gallons.  On  an  acre  it  corresponds  to  22,622  gallons,  ur 
ioo'9935  tons,  too  tons  per  inch  per  acre  is  a  ready  way  of  remembtniQ 
this. 

984.  ixratersi»ot&tB. — These  are  masses  of  %'apour  stispended  in  the  hmv 
layers  of  the  atmosphere  which  they  traverse,  and  endowed  with  a  gyraiofy 
motion  rapid  enough  to  uproot  trees,  upset  houses,  and  break  and  desuvf 
ever>'lhing  with  which  they  come  in  contact. 

These  meteors,  which  are  generally  accompanied  by  hail  aod  ralii«o6c9i 
emit  lightning  and  thunder,  producing  the  sound  of  carriages  rolling  over  a 
stony  road.  Many  of  them  have  no  g>Tatory  motion,  and  about  a  quamrof 
those  observed  arc  produced  in  a  calm  atmosphere. 

When  they  take  place  on  the  sea  they  present  a  curious  pheoo 
The  water  is  disturbed,  and  rises  in  the  form  of  a  cone,  while  the  clou 
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depressed  in  the  form  of  an  inverted  cone  ;  the  two  *  uncs  then  oniJc  ^ 
form  a  continuous  column  from  the  sea  to  the  c1'  916)*    Ef^ 

however,  on  the  high  seas  the  water  of  these  wau:,^;,..,^  !»  sc^tr  iilt* 
I  proving  that  they  are  formed  of  condensed  vapour,  and  not  of  fc»-«siB 
raised  by  aspiration. 

The  origin  of  these  is  not  known.  Kai^mti  assumes  that  they  lie  4Rt 
princtpany  to  two  opposite  mnds  which  pass  by  the  side  of  each  aihfft^^ 
a  very  high  wind  which  prevails  in  the  higher  regioivs  o^  the  iliTwmrir* 
Peltier  and  many  others  ascribe  to  them  an  electric  ong^tL 
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985.  litlltieiio«  of  ftqueoas  rapoor  on  climate. — Tyndall  applied  the 

Gpeny  possessed  by  aqueous  vapour  of  powerfully  absorbing  and  radiating 
t  to  the  explanation  of  some  obscure  points  in  meteorology.  He  estab- 
Haltcd  the  fact  that  in  a  tube  4  feet  long  the  atmospheric  vapour  on  a  day  ot 
Brerage  dryness  absorbs  to  per  cent  of  obscure  heat  With  the  earth  wanned 
\f§  ihe  sun  as  a  source,  at  the  very  least  10  per  cent,  of  its  heal  is  intercepted 
irilliin  10  feet  of  the  surface.  The  absorption  and  radiation  of  aqueous 
lni|M>ur  is  more  than  16^000  times  that  possessed  by  air. 

The  rndiative  power  of  aqueous  vapour  may  be  the  main  cause  of  the 
Ityrrenl-tikc  rains  that  occur  in  the  iropicsj  and  also  of  the  formation  oj 
cumulus  clouds  in  our  own  latitudes.  The  same  property  probably  causes  the 
looceni  of  very  fine  rain,  called  sinin^  which  has  more  the  characteristics  of 
Sdliog  dew,  as  it  appears  a  short  time  after  sunset,  v^hen  the  sky  is  clear  ; 
Its  production  has  therefore  been  attributed  to  the  cotd  resulting  from  the 
Radial  ion  of  the  air.  It  is  not  the  air,  however^  but  the  aqueous  vapour  in 
Ite  air,  which  by  its  own  radiation  chills  itself^  so  that  it  condenses  into  sirdn. 
I  The  €Ufs&rt^€nt  power  of  aqueous  vapour  is  of  even  greater  importance. 
jWhenever  the  air  is  dry  terrestrial  radiation  at  night  is  so  rapid  as  to  cause 
Inien^  cold.  Thus,  in  the  central  parts  of  Asia,  Africa,  and  Australia,  the 
ilaily  range  of  the  thermometer  is  enormous ;  in  the  interior  of  the  last-named 
inent  a  difference  in  temperature  of  no  less  than  40"*  C  has  been  recorded 
\  24  hours.  In  India,  and  even  in  the  Sahara,  owing  to  the  copious 
ice  has  been  formed  at  night  But  the  heat  which  aqueous  vapour 
febiOfbs  mo^t  largely  is  of  the  kind  emitted  from  sources  of  low  temperature  : 
It  b  to  a  large  extent  transparent  to  the  heat  emitted  from  the  sun  whilst  it 

Knost  opaque  to  the  heat  radiated  from  the  earth.  Consequently,  the 
rays  penetrate  our  atmosphere  with  a  loss,  as  estimated  by  Pouillct,  of 
35  per  cent,  when  directed  vertically  downwards,  but  after  warming 
aJlh  they  cannot  re*travcrse  the  atmosphere.  Through  thus  preventing 
Ibe  escape  of  terrestrial  heat,  the  aqueous  vapour  in  the  air  moderates  the 
fcj^renie  chilling  which  is  due  to  the  unchecked  radiation  from  the  earth, 
imd  raises  tlic  temperature  of  that  region  over  which  it  is  spread.  In 
Tyodall*!  words,  *  aqueous  vapour  is  a  blanket  more  necessary  to  the 
irefClable  life  of  England  than  clothing  is  to  man.  Remove  fur  a  single 
Mnmer  night  the  aqueous  vapour  from  the  air  which  overspreads  this 
toQOtry,  and  evcr>'  plant  capable  of  being  destroyed  by  a  freezing  tcmpera- 
iBfe  would  perish.  The  warmth  of  our  fields  and  garden*  would  pour  itself 
Iafiqilile4  into  space,  and  the  sun  would  rise  upon  an  island  held  fast  m  the 
pHQ  flip  of  frost' 

I  986.  Tjradaira  ro«e»relie«. — Tyndall  found  that  by  the  action  of  solar 
]M  of  tbe  electric  light  on  vapours  under  a  great  degree  of  attenuation,  they 
^  decoaiiiOied*  This  new  reaction  not  only  puts  a  powerful  agent  of 
^KemiL.it  decomposition  into  the  hands  of  chemists,  but  it  has  led  Tyndall 
'  4ni  conclusions  regarding  the  origin  of  the  blue  colour  of  the  sky 
ii.^  ..,_  iji>larisation  of  daylight 

He  used  a  glass  tube  with  ((lass  ends,  which  could  be  exhausted  and  then 
lOed  with  air  charged  with  the  vapours  of  volatile  liquids,  by  altowiiig  the 
lir  to  bubble  through  small  Wolff  bottles  containing  them.  By  mixing  the  air 
ttaised  iHlh  vapour  with  different  proportions  of  pure  air,  and  hf  varyiag 
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the  degree  of  exhaustion,  it  was  possible  to  have  a  vapour  under  any  degree 
of  attenuation.  The  tube  could  also  be  filled  with  the  vapour  of  a  liquid 
alone.  The  tube  having  been  filled  with  air  charged  with  vapour  of  nitrite  of 
amyle,  a  somewhat  convergent  beam  from  the  electric  lamp  was  passed  into 
the  tube.  For  a  moment  the  tube  appeared  optically  empty,  but  suddenly  a 
shower  of  liquid  spherules  was  precipitated  on  the  path  of  the  beam,  fonning 
a  luminous  white  cloud.  The  nature  of  the  substance  thus  precipitated  was 
not  specially  investigated. 

This  effect  was  not  due  to  any  chemical  action  between  the  vapour  and 
the  air,  for  when  either  dry  oxygen  or  dry  hydrogen  was  used  instead  of  air, 
or  when  the  vapour  was  admitted  alone,  the  effect  was  substantially  the  same. 
Nor  was  it  due  to  any  heating  effect,  for  the  beam  had  been  previously  sifted 
by  passing  through  a  solution  of  alum,  and  through  the  thick  glass  of  the 
lens.  The  unsifted  beam  produced  the  same  effect ;  the  obscure  calorinc 
rays  did  not  seem  to  affect  the  result. 

The  sun's  light  also  effects  the  decomposition  of  the  nitrite  of  amyle 
vapour  ;  and  this  decomposition  was  found  to  be  mainly  due  to  the  more 
refrangible  rays. 

When  the  electric  light,  before  entering  the  experimental  tube,  was  made 
to  pass  through  a  layer  of  liquid  nitrite  of  amyle  an  eighth  of  an  inch  in 
thickness,  the  luminous  effect  was  not  appreciably  diminished,  but  the 
chemical  action  was  almost  entirely  stopped.  Thus  that  special  constituent 
of  the  luminous  radiation  which  effects  the  decomposition  of  the  vapour  is 
absorbed  by  the  liquid.  The  decomposition  of  liquid  nitrite  of  amyle  by  light. 
if  it  take  place  at  all,  is  far  less  rapid  and  distinct  than  that  of  the  vapour. 
The  circumstance  that  the  absorption  is  the  same  whether  the  nitrite  is  in 
the  liquid  or  in  the  vaporous  state,  is  considered  by  Tyndall  as  a  proof  thai 
the  absorption  is  not  the  act  of  the  molecule  as  a  whole,  but  that  it  is  atomic : 
that  is,  that  it  is  to  the  atoms  that  the  peculiar  rate  of  vibration  is  u^s- 
ferred  which  brings  about  the  decomposition  of  the  body.  By  varying  the 
nature  of  the  vapour  the  shape  of  a  cloud  could  be  greatly  varied,  and 
in  many  cases  presented  the  most  fantastic  and  beautiful  forms. 

It  was  also  found  that  a  vapour  which  when  alone  resists  the  action  of 
light  may,  by  being  associated  with  another  gas  or  vapour,  exhibit  a  \-igor- 
ous  action.  Thus  when  the  tube  was  filled  with  atmospheric  air,  mixed  with 
nitrite  of  butyle  vapour,  the  electric  light  produced  very  little  effect ;  but  with 
half  an  atmosphere  of  this  mixture,  and  half  an  atmosphere  of  air  which  had 
passed  through  hydrochloric  acid,  the  action  of  the  light  was  almost  instan- 
taneous. In  another  case  mixed  air  and  nitrite  of  butyle  vapour  were  passed 
into  the  tube  so  that  the  mixture  was  under  a  pressure  of  2-5  mm.  Air 
passed  through  aqueous  hydrochloric  acid  was  introduced  until  the  pressure 
was  3  inches.  The  condensed  beam  passed  through  at  first  without  change, 
but  afterwards  a  superb  blue  cloud  was  formed. 

In  cases  where  the  vapours  are  under  a  sufficient  degree  of  attenuation, 
whatever  otherwise  be  their  nature,  the  visible  action  commences  with  the 
formation  of  a  blue  cloud.  The  term  cloud,  however,  must  not  be  undcrsio^^ 
in  its  ordinary  sense  ;  the  blue  cloud  is  invisible  in  ordinary  daylight,  and 
to  be  seen  must  be  surrounded  by  darkness,  //  alone  being  illuminated  by  i 
powerful  beam  of  light.   The  blue  cloud  differs  in  many  important  particulars 
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from  the  finest  ordinary  clouds,  and  may  be  considered  to  occupy  an  inter- 
mediate position  between  these  clouds  and  true  cloudless  vapour. 

By  graduating  the  quantity  of  vapour,  ihc  precipitation  may  be  obtained 
of  any  required  degree  of  fineness  ;  forming  either  particles  distinguishable 
by  the  naked  eye*  or  particles  beyond  the  reach  of  the  highest  microscopic 
power-  The  case  is  similar  to  that  of  carbonic  acid  gas,  which,  diffused 
in  the  atmosphere,  resists  the  decomposing  action  of  solar  light,  but  is 
decomposed  when  in  contact  with  the  chlorophyle  in  the  leaves  of  plants. 

When  the  blue  cloud  produced  in  these  experiments  was  examined  by 
any  polarising  arrangement,  the  light  emitted  laterally  from  the  beam — that 
is,  in  a  direction  at  right  angles  to  its  axis— was  found  to  be  perfectly  polar- 
ised. This  phenomenon  was  observed  in  its  greatest  perfection  the  more 
perfect  the  blue  of  the  sky.  It  is  produced  by  any  particles,  provided  they 
arc  sufficiently  fine.  This  is  quite  analogous  to  the  light  of  the  blue  sky. 
WTicn  this  is  examined  by  a  Nicol's  prism,  or  any  other  analyser,  it  is  found 
that  the  light  emitted  at  right  angles  to  the  path  of  the  sun's  rays  is  polarised. 
The  phenomena  of  the  firmamental  blue,  and  the  polarisation  of  the 
sky  light,  thus  find  definite  explanations  in  these  experiments.  We  need  only 
assume  the  existence,  in  the  higher  regions  of  the  atmosphere,  of  excessively 
Hue  particles  of  water ;  for  particles  of  any  kind  produce  this  effect.  It 
li  easy  to  conceive  the  existence  of  such  particles  in  the  higher  regions, 
even  on  a  hot  summer's  day.  For  the  vapour  must  there  be  in  a  state  of 
extreme  attenuation  ;  and  inasmuch  as  the  oxygen  and  nitrogen  of  the  atmo- 
sphere behave  like  a  vacuum  to  radiant  heat,  the  extremely  attenuated  particles 
of  aqueous  vapanrare  practically  in  contact  with  the  absolute  cold  of  space. 
*  Suppose  tiie  atmosphere  surrounded  by  an  envelope  impervious  to 
light,  but  with  an  aperture  on  the  sunward  side^  through  which  a  parallel 
[of  solar  light  could  enter  and  traverse  the  atmosphere.  Surrounded 
sides  by  air  not  directly  illuminated,  the  track  of  such  a  beam  would 
tesemble  llrat  of  the  parallel  beam  of  the  ek  r   ugh  an  incipient 

cloud.   The  sunbeam  would  be  blue,  and  it  w  light  laterally  in 

the  same  condition  as  that  discharged  by  the  iiicipit-ni  doud.  The  azure  rc- 
yaaled  by  such  a  beam  would  be  to  all  intents  and  purpo«efi  a  blue  cloud.' 
987.  B«w*  Hoarfrost* — Devj  is  aqueous  vapour  which  has  condensed 
^todies  during  the  night  in  ihc  form  of  mintitc  globules.  It  is  occasioned 
chilling  which  bodies  near  the  surface  of  the  earth  experience  in 
Qce  of  nocturnal  radiation.  Their  tempcratmr  having  then  sunk 
Via  below  that  of  the  air,  it  frequently  happens^  especially 
{j3  hoc  seasons,  that  this  temperature  is  below  that  at  which  the  atmo* 
aplieie  is  saturated.  The  layer  of  air  which  is  immediately  in  contact  with 
the  chilled  bodies,  and  which  has  virtually  the  same  temperature,  then  de- 
pQiiits  a  portion  of  the  vapour  which  it  contains  (396) ;  jutt  as  when  a  bottle 
'  ]  water  is  brought  into  a  warm  room  it  becomes  covered  with  moisture, 
f  the  condensation  of  a<iucous  vajiour  upon  it. 

srding  to  this  theory,  which  was  first  pro|x>unded  by  Dr.  Wells,  all 
esuiscs  which  promote  the  cooling  of  bodies  increase  the  quantity  of  detv. 
These  causes  arc  the  emissive  power  of  bodies,  the  state  of  the  sky,  and  the 
agitation  of  the  air.  Bodies  which  have  a  great  radiating  power  more  readily 
b^fome  cool,  and  therefore  ought  to  ccmdense  more  vapour^    In  fact  there  is 
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9^  ,  ««.taK  whose  fadia»»R»*?'X««4|Wv 

generally  no  dep<«U  of  dew  on  ^t:^^^^^  ^,^  rtStSSl^, 

''*"ciblequantityofh«.wh;^,J,^^t£,i,anab^^^^  - 


^  ^  the  sea-kvcl  at  which  ibe  sni 
•^aaam  li  is  lower  nearer  the  poles 
tt4«iji|f  oftthe  lai;iude,but  is  influence 
^4f  5  also  solidified  water,  and  cotisists 
^iriii  1  mkstiL  manner.     Its  format 


therefore  becoming  very  "r";.  temperature  is  feb.gh««'»^^d»aA« 
Sotifthereareclo^sathe^^^^^^^ 
-y.^P-«et';:«SceaCeet       "  " 


^si^c  ;rhey  radiate  in  turn  to*^"=-^^^ 

Keearthonly^pe-^^^^^ 

Wind  also  ««fl"^^"*J'^;  Renews  the  air ;  if  «  ««  ^^^^  ^» 
increases  it  masmuch  -  U^^^^^^  ^^  *";,ti:r?ab«nd«t.««*«* 
as  it  heats  the  bo^'^     J    ^e  deposit  of  dew  »  n.  -^^ 

become  cooled.    Fmaljr^  ^^^^^  •«  P*^"' "[Sn  deposit^  <>«  Jj 

tl,,  air  is  mobster,  fo^J^«"^^^  dew   wh.cb  ^*^ffi«a.l«t  fonr-bij^ 

.^r2;r:  .So.  Shas  become  .0-  ^J^^,    ,  .  <^^ 


„ compact  \ 

■  ''ihfiiii^e  atmospliere.  In  our  cFimj 
I'^lDd  atmmtr,  and  at  the  honest  time 
■^  T1iefiB*sf  hail  i^  always  preceded  b' 
I  ^  ft  gCKfaUy  the  precursor  of  stomn 
Ki4m  them  more  nircly  still  Hail  fall 
|«acggor  an  orange.  The  formation  t 
l*«iskt<jrily  accounted  (or ;  nor  moi 
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the  air  IS  mo.sic., ."  ^^^   ^h.cn  ""4,,^  floca.l«t  to"" '"'.^rt, 

cooled  below  zero  ^d  has  ^^^^    .^^       ^^    ^^^^      ^ 

small  crystals  f'^fr; J  passing  through  the  '"'i,  as  the  *t»51«  "J.'X 
solidifies  directly  *'*«^lP„Hich  radiate  most,  sucb^^^^  w^^^^Z 


small  cr,.tals  P"^"';-  ^;„g  through  th  ^"as W  »''^'!L*fJ? 
solidifies  directly  "'^^^sP^hich  radiate  «««'' *".f  „n,ed  t«>«^^ 
dew,  is  formed  «;. J^^^deposited  on  the  pans  W  ^^^^^  ^* 
of  vegetables,  and  .s  ch.efly^^  J  .^  ^^„  *St  These  cri^"*  «*'^ 
oXn^S.  aTfloating  in  the  atmospher. 


^  Fig.  917-  doO^ 


,«rature  of  the  latter^^^^/ f „„  ^^^  ^e  '^r^^fl^  "Zf, 
calm  atmosphere.    TheK  through »^">^2,y  be^"^^,^* 

on  a  black  surface,  and  vtewmg  ^^^^  "^ 'oscop*-   ^.*^ 

sea-levcL   By  the  hmit  of  perpetu 


nor  mon 

-  . ,«•««».— ...V  is  an  aggr 

IJwii  la  6|,  91  J.   xVie  transparency  o 

If'^ttp^wliich  causes  the  individuf 

I'^Hsi.aHi  tenders  the  substance  op* 

1^"^  ^Vhtn  large  masses  of  ice  slov 

1'*^^  scfn  b>'  t^c  gradual  dismtegra 

'^stTuctQie  is  frequently  met  wiih,  k 

h'^tfacim  of  cold  regions. 

^opcnjaentof  Tyndall  shows  the  b< 
j  '  ^  Kt  n  cut  parallel  to  its  planes  of 
'^^'f  ligk  is  permitted  to  pass 
•^  prcceeds  in  a  remarkable 
-^  *  lens,  numerous  small  cr 
'"< the  block;  as  the  heat  cont 

i  V^  *^  ^^^^^  ^^  sixTayed  star 

1^*^'^  «f  negative  cr>slallis 

^««aler :  they  owe  their  form: 

,  ^atibsorption  of  heat  from  tt 

l^this^cnomenon,  if  care  be  H 

I  ^2  Cto  be  found  by  noting  the  d 

^«?«s«ly  arranged  in  strix  at  1 

':^«Wsp,ralleUo  the  surface 

)^ih(nidhe used  to  level  and 

^_J^  important  property  of 
j;^^iHentwaVle^rofn 
.»..doO**''S5    l^ife'^'^'^^^I^^^^^^ofconta 

^^^y.but  the  simples 
.^•J^e  particles  on  tl 

>5«^^^!^/^^  the  firs 
iHt^'u^^^^^^^l-    But  the' 

■       ^""^^^^vce  has  note' 
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the  whole  mass  is  at  o^  If  the  block  be  now  split  in  halves,  a  liquid  film 
instantly  covers  the  fractured  surfaces,  for  the  force  of  cohesion  on  the 
fractured  surfaces  has  been  lessened  by  the  act.  By  placing  the  halves 
together,  so  that  their  original  position  shall  be  regained,  the  liquid  films 
on  the  two  fractured  surfaces  again  become  bounded  by  ice  on  both  sides. 
The  film  being  excessively  thin,  the  force  of  cohesion  is  able  to  act  across 
it ;  the  consequence  of  this  is,  the  liquid  particles  pass  back  into  the  solid 
state,  and  the  block  is  reunited  by  regelaiion.  Not  only  do  ice  and  ice  thm 
freeze  together,  but  regelation  also  takes  place  between  moist  ice  and  any 
non-conducting  solid  body,  as  flannel  or  sawdust ;  a  similar  explanation  to 
that  just  given  has  been  applied  here,  substituting  another  solid  for  the  ice 
on  one  side.  It  must  be  remarked,  however,  that  many  eminent  philosopbers 
dissent  from  the  explanation  here  given. 

Whatever  may  be  the  true  cause  of  regelation,  there  can  be  no  doubt  that 
this  interesting  observation  of  Faraday's  explains  many  natural  phenomeoa. 
For  example,  the  formation  of  a  snowball  depends  on  the  regelation  of  the 
snow-granules  composing  it ;  and  as  regelation  cannot  take  place  at  tem- 
peratures below  o°  C,  for  then  both  snow  and  ice  are  dry,  it  is  only  possible 
to  make  a  coherent  snowball  when  the  snow  is  melting. 

The  snow-bridges,  also,  which  span  wide  chasms  in  the  Alps  and  else- 
where, and  over  which  men  can  walk  in  safety,  owe  their  existence  to  the 
regelation  of  gradually  accumulating  particles  of  snow. 

Bottomley  has  made  a  very  instructive  experiment  which  illustrates  ^cg^ 
lation.  A  block  of  ice  is  suspended  on  two  supports,  and  a  fine  piano  >»ire 
with  heavy  weights  at  each  end  is  laid  across  it.  After  some  time  the  wire 
has  slowly  cut  its  way  through,  but  the  cut  surfaces  have  reunited,  andcxccpi 
ing  a  few  bubbles,  show  no  trace  of  the  operation  ;  the  wire  is  below  zero,  ai 
is  proved  by  placing  it  in  cold  water,  upon  which  some  ice  forms  round  ii. 

991.  Olaoiers. — Tyndall  has  applied  this  regelating  property  of  ice  10 
an  explanation  of  the  formation  and  motion  of  glaciers,  of  which  the  fol- 
lowing is  a  brief  description  :  In  elevated  regions,  the  snow-liru  ,y^ 
marks  the  boundary  of  eternal  snow,  for  above  this  the  heat  of  summer  is 
unable  to  melt  the  winter's  snow.  By  the  heat  of  the  sun  and  the  cos- 
sequent  percolation  of  water  melted  from  the  surface,  the  lower  portions  ot 
the  snow-field  are  raised  to  0°  C.  ;  at  the  same  time  this  part  is  closely 
pressed  together  by  the  weight  of  the  snow  above ;  regelation  therefore  seti 
in,  converting  the  loose  snow  into  a  coherent  mass. 

By  increasing  pressure  the  intermingled  air  which  renders  snow  opaque 
becomes  ejected  and  transparent ;  ice  then  results.  Its  own  gravit)\  anci 
the  pressure  from  behind,  urge  downwards  the  glacier  which  has  thus  been 
formed.  In  its  descent  from  the  mountain  the  glacier  behaves  in  il. 
respects  like  a  river,  passing  through  narrow  gorges  with  comparat:>^ 
velocity,  and  then  spreading  out  and  moving  slowly  as  its  bed  nidccs. 
Further,  just  as  the  central  portions  of  a  river  move  faster  than  the  sides 
so  Forbes  ascertained  that  the  centre  of  a  glacier  moves  quicker  than  its 
margin,  and  from  the  same  reason  (the  difference  in  the  friction  encoun- 
tered) the  surface  moves  more  rapidly  than  the  bottom  To  explain  these 
facts  Forbes  assumed  ice  to  be  a  viscous  body  capable  of  flexure,  ar<i 
flowing   like   lava  ;   but  as  ice  has   not  the  properties   of  a  viscous  sub- 
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lie  now  generally  accepted  explanation   of  glacier  motion  Is  that 

by  the  theory  of  regelation.     According  to  this  theory,  the  brittle 

lie  glacier   is  crushed  and  broken  in  its  passage   through   narrow 

,  such  as   that   of  Trt^iaporle   on    Mont    Blanc  ;   and   then,  '<as   it 
from  the  gorge  which  confined  it,  becomes  reunited  by  virtue  of 

\ ;   in  this  instance  forming  the  well-known  Mer  de   Glace.      By 
^  experiments  Tjmdall  has  established  that  regelation  is  adequate 

h  this  explanation^  and  has  artificially  imitated,  on  a  small  scale, 
llding  of  glaciers  by  the  crushing  and  subsequent  regelation  of  ice. 

Almoiplierlc    eleetrloity.     Franlcllii's  experlmeiit.— The    most 

luminous  phenomena,  and  the  most  remarkable  for  their  eflfects, 
ft  produced  by  the  free  electricity  in  the  atmosphere.     The   first 

;s  who  observed  the  electric  spark   compared  it   to  the  gleam  of 

\.  and  its  crackling  to  the  sound  of  thunder.     But  Franklin,  by  the 
powerful  electrical  batteries,  first  established   a   complete  parallel 

lightning  and  electricity  ;  and  he  indicated,  in  a  memoir  published 

the  experiments  necessar>^  to  attract  electricity  from  the  clouds  by 
rf  pointed  rods.     The  experiment  was  tried  by 
d  in  France;  and  Franklin,  pending  the  crec- 

pointed  rod  on  a  spire  in  Philadelphia,  had  the 
dca  of  flying  a  kite,  provided  with  a   metal 

hich  could  reach  the  higher  regions  of  the 

iere.     In  June   J 752,  during  stormy  weather, 

the  kite  in  a  field  near  Philadelphia-    The 

flown  with  ordinary  pack-thread,  at  the  end 
h  Franklin  attached  a  key,  and  to  the  key  a 
ll)  in  order  to  insulate  the  apparatus  :  he  then 
silk  cord  to  a  tree,  and  having  presented 
il  to  the  key,  at  first  he  obtained  no  spark, 

bc^ginning  to  despair  of  success,  when,  rain 
fiiJlcn,  the  cord  became  a  good  conductor,  and 

passed.     Franklin,  in  his  letters,  describes  his 
Ion  witnessing  the  success  of  the  experiment  as 

\  ^eat  that  he  could  not  refrain  from  tears. 

iklin  imagined  that  the  kite  drew    from  the 

I  electricity ;  it*  is,  in  fact,  a  simple  case  of 
^,  and  depends  on  the  inductive  action  which 

idcr-cloud  exerts  upon  the  kite  and  the  cord. 

JI|»|»«r«tiiB  to  lovesti^te  tHe  elaotrlelty  of 

io«pli«re*— To  observe  the  electricity  in  fme 
\  when  the  quantity  is  generally  small,  an  ap- 

inay  be  used,  as  devised  by  Saussure  for  this 
Investigation.     It  is  an  electroscope  similar  to 

kady  described  (751),  but  the  rod  to  which  the 

ives  are  fixed  is  surmounted  by  a  conductor 
length,  and  terminates  either  in  a  knob  or 

(fig.  91 S)..   To  protect  the  apparatus  against 


is  covered  witli  a  metal  shield  4  inches   in 


nf.^il* 


The  glass  case  is  square^  instead  of  being  roimd,  and  a  di%*ided 
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scale  on  its  inside  £Ke  ia£cates  the  diwcigeuce  of  the  gold  leares^  This 
electrometer  only  giies  signs  of  atmospheric  dectiicity  as  kxig  as  it  is 
raised  in  the  atmosphere  so  that  it  b  in  layers  of  air  of  h^her  dectrical 
potential  than  its  own. 

To  ascertain  the  electrkity  of  the  atmosphere,  Saossme  also  used  a 
copper  ban,  which  he  projected  TerticaDy  with  his  hand.  This  ball  vas 
fautA  to  one  end  of  a  metal  wire,  the  other  end  of  which  was  attadied  to  a 
ring,  which  could  glide  aloi^  the  coodnctor  of  the  electrometer.  From  the 
divergence  of  the  gold  leares,  the  electrical  condition  of  the  air  at  the 
height  which  the  ball  attained  coold  be  determined.  Becqoerel,  in  eiperi- 
ments  made  on  the  St.  Bernard,  improved  Saossore's  apparatus  by  sabsd- 
toting  for  the  knob  an  arrow,  which  was  projected  into  the  atmospbcre  bf 
means  of  a  bow.  A  gih  silk  thread,  88  yards  long,  was  fixed  with  one  eod 
to  the  arrow,  whfle  the  other  end  was  attached  to  the  stem  of  an  electro- 
scope. Peltier  used  a  gold-leaf  electroscope,  at  the  top  of  which  «^  a 
somewhat  large  copper  globe.     Provided  with  this  instrument,  the  obsen-er 


Fig.  919. 

places  himself  in  a  prominent  position  ;  it  is  then  quite  sufficient  to  raise  the 
electroscope  even  a  foot  or  so  to  obtain  signs  of  electricity. 

To  observe  the  electricity  of  clouds,  where  the  potential  is  very  coc- 
siderable,  use  is  made  of  a  long  bar  terminating  in  a  point.  This  bo:, 
which  is  insulated  with  care,  is  fixed  to  the  summit  of  a  building,  and  its 
lower  end  is  connected  with  an  electrometer,  or  even  with  electric  chimes 
(fig.  659),  which  announce  the  presence  of  thunder-clouds.  As,  honercr.tbe 
bar  can  then  give  dangerous  shocks,  a  metal  ball  must  be  placed  near  i:. 
which  is  well  connected  with  the  ground,  and  which  is  nearer  the  bar  than 
the  observer  himself;  so  that  if  a  discharge  should  ensue,  it  will  stnke 
the  ball  and  not  the  observer.  Richmann,  of  St.  Petersburg,  was  killed  in  ^ 
experiment  of  this  kind,  by  a  discharge  which  struck  him  on  the  fordteadL 
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Sometimes  also  captive  balloons  or  kites  have  been  used,  provided 
h  a  pottitf  and  connected  by  means  of  a  gilt  cord  with  an  electrometer, 
A  i^ood  collector  of  atmospheric  electricity  consists  of  a  fishing-rod  with 
insulated  handle  which  projects  from  an  upper  window.  At  the  top  is 
bit  of  lighted  tinder  held  in  a  metallic  forceps,  the  smoke  of  which^  being 
excellent  conductor,  conveys  the  electricity  of  the  air  down  a  wire  attached 
the  rod.    A  sponge  moistened  with  alcohol,  and  set  on  fire,  is  also  an 

ient  conductor. 
A  convenient  instrument  for  investigating  atmospheric  electricity  has 
introduced  by  Sir  W.  Thomson ;  one  form  of  which,  used  in  the 
eteorological  Observatory  of  Montsouris,  is  represented  in  fig.  919.     h 
s  of  a  large  metal  vessel  A  resting  on  three  insulating  glass  legs  fixed 


Fig.  9so„ 

the  top  of  a  tall  column  ol  cast  iron.  A  sheet  metal  mantle  B  protects  the 
MMits  from  the  rain.  The  apparatus  is  arranged  in  the  open^  and  can  be 
WKH  v^tb  water  from  a  pipe  C*  The  water  issues  through  a  long  lateral 
Pfin  A5  in  a  stream  so  fine  that  the  volume  of  the  water  is  not  appreciably 
leered.  An  insulated  wire  /  passing  through  the  column^  connects  the  vessd 
,  with  m  electrometer  placed  indoors. 
Tte  manner  in  which  the  electricity  of  the  atmosphere  is  registered  is  seen 
fig.  920»  which  represents  the  form  in  use  at  the  above  observatory*.  In 
tight  light  box  is  a  band  of  sensitised  photographic  paper,  stretched  on 
It  lnHbce  of  a  cylinder  and  moved  by  clockwork. 

la  one  side  of  the  box  is  a  long  cylindrical  glass  lens,  to  front  of  which 
IS  E  aie  two  quadrant  electrometers  (7S0).   Both  of  these  are  conneaed  with 
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the  same  collector  of  electricity,  placed  outside,  and  their  sectors  are  charged 
by  the  same  source  of  electricity,  but  one  of  them  is  ten  times  as  sensitiTt 
as  the  other.  Near  one  side  of  the  box  is  ^  gas  burner  with  an  opaqoe 
chimney  A,  in  two  opposite  sides  of  which  are  longitudinal  slits,  throogli 
which  the  light  passes  to  two  total-reflection  prisms  (545)  p  p\  which  are 
arranged  so  as  to  send  two  pencils  of  light  on  the  mirrors  m  ivr'  of  tbe 
electrometer.  This  is  shown  on  a  larger  scale  on  the  left  of  the  figure :  the 
two  pencils  fall  upon  the  lens  L,  which  concentrates  in  a  point  the  slices  of 
light  issuing  from  the  chimney  and  reflected  from  the  mirror.  These  foUow 
the  motion  of  the  mirror,  and  thus  impress  on  the  sensitive  paper  the  cunes 
which  measure  the  electrical  potential  of  the  air. 

There  is  also  an  arrangement  by  which  an  electromagnet  puts  the  electro- 
meters to  earth  for  a  few  minutes  at  every  hour,  and  thus  discharges  theoi. 
The  mirrors  revert  then  to  their  original  position  and  commence  a  new  trace. 

If  we  replace  the  electrometer  with  its  mirror  attached,  by  a  magneto- 
meter, we  can  easily  see  how  the  variations  in  the  magnetic  declination  may 
be  recorded  (702). 

994.  Ordinary  eleotrlolty  of  tl&e  atmospl&ere. — By  means  of  the  dif- 
ferent apparatus  which  have  been  described,  it  has  been  found  that  the 
presence  of  electricity  in  the  atmosphere  is  not  confined  to  stormy  it*cather, 
but  that  the  atmosphere  always  contains  free  electricity,  usually  positive,  bet 
occasionally  negative.  When  the  sky  is  cloudless,  the  electricity  is  alw$ 
positive,  but  it  increases  with  the  height  above  the  ground.  The  amount  is 
greatest  in  the  highest  and  most  isolated  places.  No  trace  of  positive  elec- 
tricity is  found  in  houses,  streets,  and  under  trees  :  in  towns  positive  elec- 
tricity is  most  perceptible  in  large  open  spaces,  on  quays,  or  on  bridijes.  V^ 
all  cases  positive  electricity  is  only  found  at  a  certain  height  above  the  gToar.*i 
Sir  W.  Thomson  found  in  the  Isle  of  Arran  at  a  height  of  9  feet  abo\f 
the  ground  a  diflference  of  potential  equal  to  200  to  400  Daniell's  elemer.t5 
or  from  218  to  236  volts.  This  represents  a  rise  of  potential  of  from  li 
to  48  volts  for  each  foot  of  ascent.  This  is  subject  to  great  variation  ;  ».-- 
winds  from  the  north  and  north-east  the  potential  was  often  6  to  10  tinicj 
as  much  as  the  higher  of  these  amounts. 

At  sunrise  the  positive  electricity  in  the  air  is  feeble  ;  it  increases  up  to  11 
o'clock,  according  to  the  season,  and  then  attains  its  first  ma.\imuni.  It 
then  decreases  rapidly  until  a  little  before  sunset,  and  then  increases  rill  i^ 
reaches  its  second  maximum,  a  few  hours  after  sunset  ;  the  remainder  d 
the  night  the  electricity  decreases  until  sunrise.  Thus  the  greatest  amocz: 
of  electricity  is  observed  when  the  barometric  pressure  is  highesL  The^t 
increasing  and  decreasing  periods,  which  are  obser\'ed  all  the  j-ear,  i£t 
more  perceptible  when  the  sky  is  clearer,  and  the  weather  more  settled.  The 
positive  electricity  of  fine  weather  is  much  stronger  in  winter  than  insuxnmr. 

When  the  sky  is  clouded,  the  electricity  is  sometimes  positive  and  soc« 
times  negative.  It  often  happens  that  the  electricity  changes  its  >icTi 
several  times  in  the  course  of  the  day,  owing  to  the  passage  of  an  clectrite- 
cloud.  During  storms,  and  when  it  rains  or  snows,  the  atmosphere  may  ^r 
positively  electrified  one  day,  and  negatively  the  next,  and  the  number  of  ^^ 
two  sets  of  days  are  virtually  equal. 

During  a  thunderstorm  the  changes  in  potential  and  sign  of  clectnc:.*) 
are  so  rapid  that  the  photographic  method  of  registration  fails. 
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Ynym  a  long  series  of  observations  on  ihe  electricity  of  the  atmosphere 
Hadc  in  the  early  morning,  Dellman  found  that  the  electricity  increased 
pith  the  density  of  the  fog,  but  in  a  far  more  rapid  ratio. 

The  electricity  of  the  ground  has  been  found  by  Peltier  to  be  always 
l^gmtive,  but  to  diflferent  extents,  according  to  the  hygrometric  state  and 
topcrature  of  the  air. 

The  density  is,  however,  exceedingly  small,  being  calculated  at  cooojd 

per  square   centimetre,   from  which    it    follows    thai    the   electrical 

J^  (737)  is  000000082  dynes  jjer  square  centimetre,  or  less  than  the 

lliontb  of  a  milligramme  in  weight     Even  if  the  pressure  were  10  times 

,jpeat  it  would  be  insufficient  to  raise  even  the  lightest  bodies. 

5.  Omuftes  of  tbe  atmospltorio  electricity. — ^Although  many  hypo- 
have  been  propounded  to  explain  the  origin  of  atmospheric  electricity 
must  be  confessed  that  our  knowledge  is  in  an  unsatisfactory  state, 
Volia  first  showed  that  the  evaporation  of  water  produced  electricity, 
illcl  subsequently  showed  that  no  electricity  is  produced  by  the  eva po- 
rtion of  distilled  water  ;  but  that  if  an  alkali  or  a  salt  is  dissolved^  even 
small  quantity,  the  vapour  is  positively  and  the  solution  is  negatively 
ictrified.  The  reverse  is  the  case  if  the  w^ater  contains  acid.  Hence  it 
been  assumed  that  as  the  waters  which  exist  on  the  surface  of  the  earth 
the  sea  always  contain  salt  dissolved,  the  vapours  disengaged  ought 
positively  and  the  earth  negatively  clectritied.  The  development  of 
icily  by  evaporation  may  be  observed  by  heating  strongly  a  platinum 
adding  to  it  a  small  quantity  of  liquid,  and  placing  it  on  the  upper 
Me  of  the  condensing  electroscope  (fig.  679),  taking  care  to  connect  the 
plate  with  the  ground.  When  the  water  of  the  capsule  is  evaporated, 
e  connection  with  the  ground  is  broken,  and  the  upper  plate  raised.  The 
iNl  leaves  then  diverge  if  the  water  contained  salts,  but  remain  quiescent 
the  water  was  pure. 
Reasoning  from  such  experiments,  Pouillet  ascribed  the  development 
electricity  by  evaporation  to  the  separation  of  particles  of  water  from 
I MbttSBCCS  dissolved  ;  but  Kcich  and  Ricss  showed  that  the  electricity 
■flgflf  during  evaporation  could  be  attributed  to  the  friction  which 
e  panicks  of  water  carried  away  in  the  current  of  vapour  exercise 
the  $idc5  of  the  vessel,  just  as  in  Armstrong's  electrical  machine 
p8>.     Hy  a  recent  series  of  experiments,  Gaugain  has  arrived  at  the  same 

ke  recalls  an  experiment  of  Faraday  which  he  has  repeated— that 
I  of  minute  vesicles  of  water  against  dry  ice  is  an  abundant  source 
Siicity ;  he  ascribes  atmospheric  electricity  to  this  origin,  showing  that 
^tipper  regions  both  particles  of  water  and  of  ice  may  coexist.     The  ice 
become  positively  electrified  while   those  of  water  are  negative* 
these  fall  in  rain,  they  carry  with  them  their  negative  electricity. 
99&  Wtrtclty  or  clondA. — Clouds  are  in  general  electrified,  usually 
ely  but  sometimes   negatively,  and    only  differ   tn   their   higher   or 
potential     The  formation   of  positive   clouds    is    ascribed    to   the 
'  iliseDgaged  from  the  ground  and  condensed  in  the  higher  regions, 
douds  are  supposed  to  result  from  fog5^  which,  by  their  contact 
r  ground,  become  charged  with  negative  electricity,  which  they  retain 
:  mto  the  atmosphere ;  or  that,  separated  from  the  ground  by  layers 
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of  moist  air,  they  have  been  negatively  electn6ed  by  induction  from  the 
positive  clouds,  which  have  repelled  into  the  ground  positive  dectricitj. 

Whatever  be  the  origin  of  atmospheric  electricity,  there  can  be  no  doabc 
that  the  invisible  aqueous  vapour  is  the  carrier  of  it.  For  suppose  i/)oo 
vapour-particles,  each  possessing  the  same  charge  of  electricity,  coalesce  to 
form  a  single  droplet,  the  diameter  of  such  a  droplet  will  be  ten  times  that 
of  the  individual  particles,  that  is,  its  capacity  is  ten  times  as  great  (759= ; 
but  the  quantity  of  electricity  will  be  1,000  times  as  great  as  00  the  small 
one,  and  therefore  the  potential  will  be  100  times  as  great.  But  the  number 
of  vapour-particles  which  go  to  fonn  a  single  droplet  is  rather  to  be  comited 
by  billions ;  hence,  however  small  be  the  finite  value  which  we  ass^  to 
the  potentials  of  the  electricity  of  the  vapour-particles,  that  of  the  drops  viD 
be  infinitely  greater  and  sufficient  to  account  for  the  high  potential  of  doods. 

997.  &iriitaiaaff. — This,  as  is  well  known,  is  the  dazzling  light  emitted  bjr 
the  electric  spark  when  it  shoots  from  clouds  charged  with  electricity,  lo 
the  lower  regions  of  the  atmosphere  the  light  is  white,  but  in  the  higher 
regions,  where  the  air  is  more  rarefied,  it  takes  a  violet  tint ;  as  does  the 
spark  of  the  electrical  machine  in  a  rarefied  medium  (787). 

The  flashes  of  lightning  are  often  more  than  a  mile,  and  sometimes 
extend  to  four  or  five  miles,  in  length ;  they  generally  pass  through  the 
atmosphere  in  a  zigzag  direction — a  phenomenon  ascribed  to  the  resistance 
offered  by  the  air  condensed  by  the  passage  of  a  strong  discharge.  The 
spark  then  diverges  from  a  right  line,  and  takes  the  direction  of  least  resist- 
ance.    In  vacuo,  electricity  passes  in  a  straight  line. 

De  la  Rue  and  Miiller  have  calculated  that  the  potential  required  to  pro- 
duce a  flash  a  mile  in  length,  would  be  that  of  3,516,480  of  their  cells  S12. 

We  cannot,  however,  regard  the  length  of  a  lightning  flash  as  the  direct 
striking  distance  between  two  conductors.  Owing  to  the  number  of  droplets 
met  on  its  path  the  discharge  is  rather  to  be  compared  wiih  that  of  the 
luminous  tubes  (789).  The  experiments  of  Mascart  on  the  relation  betweca 
the  striking  distance  (J^^)  and  the  potential  required  to  produce  it  sho« 
that  the  striking  distance  increases  far  more  rapidly  than  the  potential.  Th;3 
while  the  potential  required  for  a  striking  distance  of  i  cm.  is  8-3  ;  for  4  cm 
it  is  159  ;  for  8  cm.  20-5  ;  and  for  15  cm.  23*3.  From  this  it  is  possible  that  a 
lightning  discharge  is  produced  by  a  difference  of  potentials  between  two  deeds 
which  is  not  out  of  proportion  with  those  obtained  by  our  electrical  machitics. 

Several  kinds  of  lightning  flashes  may  be  distinguished — i ,  the  jj/tiV 
flashes,  which  move  with  extreme  velocity  in  the  form  of  a  line  of  fire  »:«■ 
sharp  outlines,  and  which  closely  resemble  the  spark  of  an  electna! 
machine ;  2,  the  sheet  flashes,  which,  instead  of  being  hnear,  like  the  prt 
ceding,  fill  the  entire  horizon  without  having  any  distinct  shape.  This  kioi 
which  is  most  frequent,  appears  to  be  produced  in  the  cloud  itselC  and  to 
illuminate  the  mass.  According  to  Kundt,  the  number  of  sheet  disdurpes 
are  to  the  zigzag  discharged  as  11:6;  and  from  spectrum  observations  r. 
would  appear  that  the  former  are  brush  discharges  between  clouds.  whJe 
the  latter  are  true  electrical  discharges  between  the  clouds  and  the  earth. 
Another  kind,  called  heat  lightnings  is  ascribed  to  distant  lightning  dashes 
which  are  below  the  horizon,  but  illuminate  the  higher  strata  of  doods  so 
that  their  brightness  is  visible  at  great  distances ;  they  produce  no  sood^ 
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irobably  in  consequence  of  the  fact  of  their  being  so  far  off  that  the  rolling 
f  thunder  cannot  reach  the  ear  of  the  observer.  There  is  further  the  very 
Husual  phenomenon  of  ^Me  iighimng^  or  the  flashes  which  appear  in  the 
of  globes  of  fire.  These,  which  are  sometimes  visible  for  as  much  as 
seconds,  descend  from  the  clouds  to  the  earth  with  such  slowness  that 
le  eye  can  follow  them.  They  often  rebound  on  reaching  the  g:round  ;  at 
ther  times  they  burst  and  explode  with  a  noise  like  that  of  the  report  of 
^any  cannon.     No  adequate  explanation  has  been  given  of  these. 

The  duration  of  the  light  of  the  tirst  three  kinds  does  not  amount  to  the 
liliionth  of  a  second,  as  was  determined  by  Wheatstone  by  means  of  his 
NStiftg  wheels  which  was  turned  so  rapidly  that  the  spokes  were  invisible  ; 
illuminating  it  by  the  lightning  flash,  its  duration  was  so  short  that 
hatever  the  velocity  of  rotation  of  the  wheel,  it  appeared  quite  stationary  ; 
is,  its  displacement  is  not  perceptible  during  the  lime  the  lightning  exists. 
lie  light  produced  by  a  lightning  dash  must  be  comparable  to  the  sun 
brightness,  though  it  does  not  appear  to  us  brighter  than  ordinary  moon* 
gliU  But  considering  its  excessively  brief  duration,  and  that  the  full 
nbct  of  any  light  on  the  eye  is  only  produced  when  its  duration  is  at 
max  the  tenth  of  a  second,  it  follows  that  a  landscape  continuously  illu- 
linated  by  the  lightning  flash  would  appear  100,000  times  as  bright  as  it 
rtually  appears  to  us  during  the  flash. 

y^S.  Tttunder. —  ThumUr  is  llie  violent  report  which  succeeds  lightning  in 
lonny  weather.  The  lightning  and  the  thunder  are  practically  simultaneous, 
an  intenal  of  several  seconds  is  always  observed  between  tliese  two 
lomena,  which  arises  from  the  fact  that  sound  only  travels  at  the  rate  of 
1,100 feet  in  a  second  (232),  while  the  passage  of  light  is  almost  instan- 
IDCOU^  Hence  an  observer  will  only  hear  the  noise  of  thunder  hve  or  six 
KOfids,  for  instance,  after  the  lightning,  according  as  the  distance  of  the 
ier-cloud  is  five  or  six  times  1,100  feet.  The  noise  of  thunder  arises 
the  disturbance  which  the  electric  discharge  produces  in  the  air,  and 
yh^lh  may  be  witnessed  in  Kinncrs ley's  thermometer  (fig.  691),  Near  the 
lace  wi»cfe  the  lightning  strikes,  the  stmnd  is  sharp  and  of  short  duration, 
^t  A  theater  distance  a  series  of  reports  arc  heard  in  rapid  succession.  At  a 
till  i^eater  distance  the  noise,  feeble  at  first,  changes  into  a  prolonged  rolling 
ind  of  vAr>'ing  intensity.  H  the  lightning  is  at  a  greater  distance  than  14 
t|  milei  it  is  no  longer  heard,  for  sound  is  more  imperfectly  propagated 
brofigh  air  than  through  solid  bodies  :  hence  there  are  lightning  disch 
rsthoiit  thunder  ;  these  occur  at  times  when  the  sky  b  cloudless. 

Some  attribute  the  noise  of  the  rolling  of  thunder  to  the  reflection  of 
from  the  ground  and  from  the  clouds.     Others  have  considered  tbe^ 
ling  not  as  a  single  discharge,  but  as  a  !»eric^  of  discharges,  each  of  | 
gives  rise   to  a  particular   sound.     But  as  these  partial  i\\ 
pOC^^  from  points  at  ditfcrent  distances,  mnd  from  xon^  uf  unequ 
[Iblkm  not  only  that  they  reach  the  ear  ol  the  observer  success 

thty  bring  sounds  of  unequal  density,  which  occdision  the  duf  <  i 

[iMlity  of  the  rolling.     The  phenomenon  has   finally  been  ascnbcd  to 
U%ix^  of  lightning  themselves,  a^isuming  that  the  air  at  each  salient 
ii  MX  its  greatest  compression^  which  would  produce  the  unequal  in- 
Hiaity  of  the  sound. 
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999.  Bffeots  of  Urt&tninr — The  lightning  discharge  is  the  electric 
discharge  which  striken  between  a  thunder-cloud  and  the  gpx>und.  The  latter, 
by  the  induction  from  the  electricity  of  the  cloud,  becomes  charged  with 
contrary  electricity  ;  and  when  the  tendency  of  the  two  electricities  to  com- 
bine exceeds  the  resistance  of  the  air,  the  spark  passes,  which  is  often  ex- 
pressed by  saying,  that  *  a  thunder-bolt  has  fallen.'  Lightning  in  general 
strikes  from  above,  but  ascending  lightning  \s  also  sometimes  observed ;  pro- 
bably this  is  the  case  when  the  clouds  being  negatively  the  earth  is  positively 
electrified,  for  experiments  show  that  at  the  ordinary  pressure  the  positiw 
fluid  passes  through  the  atmosphere  more  easily  than  negative  electricity. 

From  the  first  law  of  electrical  attraction  the  discharge  ought  to  fall  first 
on  the  nearest  and  best  conducting  objects,  and,  in  fact,  trees,  elc\*ate(i 
buildings,  metals,  are  particularly  struck  by  the  discharge.  Hence  it  is  im- 
prudent to  stand  under  trees  during  a  thunderstorm. 

The  effects  of  lightning  are  very  varied,  and  of  the  same  kind  as  those 
of  batteries  (783),  but  of  far  greater  power.  The  lightning  discharge  Idlls 
men  and  animals,  ignites  combustibles,  melts  metals,  breaks  bad  con- 
ductors in  pieces.  When  it  penetrates  the  ground  it  melts  the  siliceous 
substances  on  its  path,  and  thus  produces  in  the  direction  of  the  discharge 
those  remarkable  vitrified  tubes^called/i/iJ^r/Z^j,  some  of  which  are  as  much 
as  12  yards  in  length  ;  in  most  cases  there  are  found  to  be  accumulations  of 
water  below  such  fulgurites.  When  it  strikes  bars  of  iron,  it  magnetises 
them,  and  often  inverts  the  poles  of  compass  needles. 

AJfter  the  passage  of  lightning  a  highly  peculiar  odour  is  frequcnily 
produced,  like  that  perceived  in  a  room  in  which  an  electrical  machine 
is  being  worked.  This  is  due  to  the  formation  of  ozone^  a  peculiar  allotro- 
pic  modification  of  oxygen  (793).  An  electrified  cloud  forms  ^^-ith  the  earth 
below  a  condenser,  the  intervening  mass  of  air  being  the  dieletric.  This 
mass  of  air  is  therefore  in  a  state  of  strain  like  the  dieletric  in  a  Le>'den 
jar,  and  it  is  to  this  state  of  strain  which  precedes  the  actual  discharge,  rather 
than  to  the  discharge  itself,  that  is  due  the  production  of  ozone. 

Heated  air  conducts  better  than  cold  air,  probably  only  owing  to  its 
lesser  density.  Hence  it  is  that  large  numbers  of  animals  are  often  killed 
by  a  single  discharge,  as  they  crowd  together  in  a  storm,  and  a  colunm  of 
warm  air  rises  from  the  group. 

1000.  Setom  BboolL. — This  is  a  violent  and  sometimes  fatal  shock  which 
men  and  animals  experience,  even  when  at  a  great  distance  from  the  place 
where  the  lightning  discharge  passes.  It  is  caused  by  the  inductive  artioo 
which  the  thunder-cloud  exerts  on  bodies  placed  within  the  sphere  of  its 
activity.  These  bodies  are  then,  like  the  ground,  charged  with  the  opposite 
electricity  to  that  of  the  cloud  ;  but  when  the  latter  is  discharged  by  the 
recombination  of  its  electricity  with  that  of  the  ground,  the  induaion  ceases, 
and  the  bodies  reverting  rapidly  from  the  electrical  state  to  the  neutral  state, 
the  concussion  in  question  is  reproduced — the  return  shock,  A  gradual  de- 
composition and  reunion  of  the  electricity  produces  no  visible  effects  ;  >•«  rt 
is  alleged  that  such  disturbances  of  the  electrical  equilibrium  are  percci^rd 
by  nervous  persons. 

The  return  shock  is  always  less  violent  than  the  direct  one ;  there  is  d« 
instance  of  its  having  produced  any  inflammation,  yet  plenty  of  cases  in 


Lightning  Conductor. 

irbich  it  has  killed  both  men  and  animals  ;  in  such  cases  no  broken  limbs, 
loonds,  or  bums  are  observed. 

The  return  shock  may  be  imitated  by  placing  a  gold-leaf  electroscope 
minected  by  a  wire  with  the  jjround  near  an  electrical  machine  ;  when  the 
imchine  is  worked,  at  each  spark  taken  from  the  prime  conductor  the  gold 
Cftvcs  of  the  electroscope  suddenly  diverge, 

looi,  &ltbtalnK-.ooiidvietor.— This  was  invented  by  Franklin,  in  I7S5. 
There  Ktt.  two  principal  parts  In  a  lightning-conductor,  the  rod  and  the 
IDoduetor.  The  rod  is  a  pointed  bar  of  iron,  fixed  vertically  to  the  roof  of 
he  edifice  to  be  protected  ;  it  is  from  6  to  lo  feet  in  height,  and  its  basal 
lection  is  about  2  or  3  inches  in  diameter.  The  conductor  is  a  bar  of  iron, 
rhrch  descends  from  the  bottom  of  the  rod  to  the  ground,  which  it  penetrates 
0  some  distance.  As  iron  bars  cannot  always  be  well  adapted  to  the  exterior 
if  bctildings,  in  consequence  of  their  rigidity,  the  conductors  are  best  formed 
►f  wire  ropes,  such  as  are  used  for  rigging  and  for  suspension  bridges.  In  a 
cpoft  made  by  the  Academy  of  Sciences  on  the  construction  of  lightning- 
iDodyctors,  the  use  of  copper  instead  of  iron  wire  in  these  conductors  is 
^commended,  inasmuch  as  copjDer  is  a  better  conductor  than  iron.  The 
Helmflic  section  of  the  cords  ought  to  be  about  \  a  square  inch,  and  the 
Hdhridual  wires  004  to  006  inch  in  diameter;  they  ought  to  be  twisted 
n  thTcc  strands,  like  an  ordinary  cord.  The  conductor  is  usually  led  into  a 
ItP,  and  to  connect  it  belter  with  the  soil  it  ends  in  two  or  three  br^nchc!*. 
i  ihere  is  no  well  near,  a  hole  is  dug  in  the  soil  to  the  depth  of  6  or  7  yards, 
ihc  foot  of  the  conductor  having  been  introduced,  the  hole  is  filled 
rith  powdered  coke,  which  conducts  very  well 

Tbe  action  of  a  lighlning-i'onductor  is  an  illustration  of  the  action  of 
liHoction  and  of  the  property  of  points  (731) ;  when  a  storm  cloud  positivel) 
lectrified^  for  instance,  forms  in  the  atmdspherc,  it  acts  inductively  on  the 
trlHt  repels  the  positive  and  attracts  the  negative  clcclricity,  which  accu- 
on  bodies  placed  on  the  surface  of  the  soil,  the  more  abundantly 
these  bodies  are  at  a  greater  height  The  density  is  then  greatest  on  the 
iiflietl  bodies,  which  arc  therefore  most  exposed  to  the  electric  dincharj^c  ; 
if  these  bodies  are  provided  with  metal  points,  like  the  rodsof  condurrnr*, 
negative  electricity,  withdrawn  from  the  soil  by  the  influence  of'  I 

^am\  into  the  atmosphere,  and  neutralises  the  positive  electricity  ol 
lcsce,not  only  does  a  lightning-conductor  tend  to  prevent  the  accumuUtion 
dictrkity  on  the  surface  of  the  earth,  but  it  also  tends  to  restore  ihe 
lo  their  natural  state,  both  which  concur  in  preventing  lightning  dtl» 
This  mode  of  action  of  lightning-conductors  is  often  overlooked  ; 
fitMiied  in  reference  to  Fietermaritzburg  that  until  lightning-condttctors 
*-"f>on  in  that  town  it  was  constantly  visited  by  thunderstorms  at 
V     They  come  as  frequently  as  ever,  but  cease  to  give  flashes 
iic  town  ;  they  do  so^  however,  when  they  have  passed  over  it 
'•ment  of  electricity  is,  however,  sometimen  so  abundant  tlwU 
'  1  >  inadequate  to  '      '        e  the  electricity  Accumulated, 

.;  but  the  cor  •  eives  the  discharge,  in  con- 

grcalcr  conductivity,  ;ind  ihc  LtjitJcc  is  preserved, 
)r,  to  be  cftRient,  ought  to  satisfy  the  foilowtttf  COfldstkmf  3— 

Jit 
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i.  the  rod  ought  to  be  so  large  as  not  to  be  melted  if  the  discharge  passes; 
ii.  it  ought  to  terminate  in  a  point,  or  in  several  points,  to  give  readier  issue  to 
the  electricity  disengaged  by  induction  from  the  ground  ;  iii.  the  condoctor 
must  be  continuous  from  the  point  to  the  ground,  and  the  connection  between 
the  rod  and  the  ground  must  be  as  intimate  as  possible  ;  iv.  if  the  building 
which  is  provided  with  a  lightning-conductor  contains  metallic  surfaces  of  any 
extent,  such  as  zinc  roofs,  metal  gutters,  or  ironwork,  these  ought  to  be  con- 
nected with  the  conductor.  If  the  last  two  conditions  are  not  fulfilled,  there  is 
a  great  danger  of  lateral  discharges  ;  that  is  to  say,  that  the  discharge  takes 
place  between  the  conductor  and  the  edifice,  and  then  it  increases  the  danger. 

Colladon  concludes,  from  the  observation  of  a  series  of  ll^tning  dis- 
charges, that  a  tall  tree,  such  as  a  poplar,  whose  roots  are  in  dry  gromid, 
may  act  as  a  good  lightning-conductor,  if  on  the  other  side  of  the  bouse 
there  does  not  happen  to  be  a  well  or  pool,  towards  which  the  electricity  can 
spring  through  the  house. 

1 002.  Balnbow. — The  rainbow  is  a  luminous  phenomenon  which  appears 
in  the  clouds  opposite  the  sun  when  they  are  resolved  into  rain.  It  consiit> 
of  seven  concentric  arcs,  presenting  successively  the  colours  of  the  solar 
spectrum.  Sometimes  only  a  single  bow  is  perceived,  but  there  are  usual!) 
two  :  a  lower  one,  the  colours  of  which  are  very  bright ;  and  an  external  or 
secondary  one,  which  is  paler,  and  in  which  the  order  of  the  colours  is  re- 
versed. In  the  interior  rainbow  the  red  is  the  highest  colour  ;  in  the  other 
rainbow  the  violet  is.  It  is  seldom  that  three  bows  are  seen  ;  theoreticaKT 
a  greater  number  may  exist,  but  their  colours  become  so  faint  that  they  canno: 
be  perceived. 

The  phenomenon  of  the  rainbow  is  produced  by  the  decomposition  of  :h< 
white  light  of  the  sun  when  it  passes  into  the  drops,  and  by  its  reflection 
from  their  inside  face.  In  fact,  the  same  phenomenon  is  witnessed  in  dcu- 
drops  and  in  jets  of  water  ;  in  short,  wherever  sunlight  passes  into  drop> 
of  water  under  a  certain  angle. 

The  appearance  and  the  extent  of  the  rainbow  depend  on  the  posiiiot  a 
the  observer,  and  on  the  height  of  the  sun  above  the  horizon  ;  hence  only 
some  of  the  rays  refracted  by  the  raindrops,  and  reflected  in  their  concaxity 
to  the  eye  of  the  spectator,  are  adapted  to  produce  the  phenomenon.  Those 
which  do  so  are  called  effective  rays. 

To  explain  this  let  n  (fig.  921)  be  a  drop  of  water,  into  which  a  solar  ray 
S  a  penetrates.  At  a  point  of  incidence,  a,  part  of  the  light  is  reflected  frwr 
the  surface  of  the  liquid  ;  another,  entering  it,  is  decomposed  and  tra\-erses 
the  drop  in  the  direction  a  b.  Arrived  at  ^,  pan  of  the  light  emerges  froo 
the  raindrop,  the  other  part  is  reflected  from  the  concave  surface,  and  tco6 
to  emerge  at  g.  At  this  point  the  light  is  again  partially  reflected  ;  the  ^^ 
mainder  emerges  in  a  direction  ^O,  which  forms  with  the  incident  ray,  S* 
an  angle  called  the  angle  of  deviation.  It  is  such  rays  as  ^  O,  proceed.^ 
from  the  side  next  the  observer,  which  produce  on  the  retina  the  sensatwc 
of  colours,  provided  the  light  is  sufficiently  intense. 

1 1  can  be  shown  mathematically  that  in  the  case  of  a  series  of  ni>*s  whik 
impinge  on  the  same  drop,  and  only  undergo  a  reflection  in  the  interior,  ii* 
angle  of  deviation  increases  from  the  ray  S"«,  for  which  it  is  zero,  up  to  a 
certain  limit,  beyond  which  it  decreases,  and  that  near  this  limit  rays  pas>--%' 
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mile]  into  a  drop  of  rain  also  emerge  parallel  From  this  parallelism  a 
am  of  light  is  produced  sufficiently  inicnsc  to  impress  the  retina  ;  these 
e  ihc  rays  which  emerge  parallel  and  are  efficient. 

As  the  different  colours  which  compose  white  light  are  unequally  refran- 
Me,  the  maximum  angle  of  deviation  is  not  the  same  for  all  For  red  rays 
e  angle  of  deviation  corresponding  to  the  active  rays  is  42**  2',  and  for  violet 
ys  it  15  40"  17'.  Hence»  for  all  drops  placed  so  that  rays  proceeding  from 
e  sun  to  the  drop  make,  with  those  proceeding  from  the  drop  to  the  eye,  an 
iglc  of  42^  2',  this  organ  will  receive  the  sensation  of  red  light ;  this  will  be 
c  case  with  all  drops  situated  on  the  circumference  of  the  base  of  a  cone, 
c  summit  of  which  is  the  spectator's  eye  ;  the  axis  of  this  cone  is  parallel 
the  sun's  rays,  and  the  angle  formed  by  the  tw*o  opposed  generating  lines 
84^4'.  This  explains  the  formation  of  the  red  band  in  the  rainbow  :  the 
igle  of  the  cone  in  the  case  of  the  violet  band  is  So**  54'. 

The  cones  corresponding  to  each  band  have  a  common  axis  called  the 
ntiil  ttris.    As  this  right  line  is  parallel  to  the  rays  of  the  sun,  it  follows 


l^hefi  this  axis  is  on  the  horizon^  the  visual  axis  \%  itself  horifoatal,  and 
I  rainbow  appears  as  a  semicircle.  If  the  sun  t\^^%  the  visual  axis  sinks^ 
d  irith  it  the  rainbow.  Lastly,  when  the  sun  is  at  a  height  of  42'  2',  the 
cars  entirely  below  the  horiton*  Hence  the  phenomenon  of  the 
f-ver  takes  place  except  in  the  morning  and  evening. 
What  has  been  said  refers  lt>  the  interior  arc.  The  secondary  bow  is 
mmA  by  rays  which  have  undergone  two  reflections,  as  shown  by  the  ray 
^V/0,  in  the  drop  p.  The  angle  S'  1  O  formed  by  the  emergent  and 
|Ki>t  rays  is  railed  the  angle  of  deviation.  The  angle  is  no  longer  suscep- 
le  of  a  maximum,  but  of  a  minimum^  which  varies  for  each  kind  of  ray»» 
d  to  which  also  efficient  rays  correspond.  It  is  calculated  that  the  miiii* 
im  angle  from  violet  rays  is  54*"  7%  and  for  red  lays  only  50**  If  j  benct  it 
tliat  the  red  bo^  is  here  on  the  inside,  and  the  violet  arc  on  the  ootlkle. 
^eie  tt  a  loss  of  light  for  every  internal  reflection  in  the  drop  of  ralOt  tsui 
trelore  the  colours  of  the  secondary  b*jw  arc  always  feebler  than  those  of 
listeroal  one.     The  secondary  bow  ceases  to  be  visible  when  the  ftsn  is 

te  the  horizon. 
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1003.  AM^rm »#re>m.  — Tte  ^mwiMW  IwpiiwAV.  or  QorUiern  Ggbl,  uri 
pf9psff/iM4fr  Mirwni,  11  a  reiBaHcabIt  faniiMMS  pbenomeMsa  whidi  s  1 
qnadf  sea  ta  tlie  amtosghitn  at  the  two  tencscrol  poles.     Tbe  1 
is  A  descriptioii  of  an  aurora  bor^Tis  observed  at  Bossckop,  bt  Laptamj  toT 
fcT^  io  the  vmtcr  of  1S3S-9 : — 

In  iht  e««wac:«  between  4  ^od  S  o'clock,  tlie  oppcr  p9rt  oC  the  l»s  vUa 
msaaStf  prevaib  to  the  oortli  of  Bossekop  became  <A!f>tired.  Has  I^gM 
because  more  insular,  aod  imned  an  iodbl^iici  arc  •  r^Ik»w,  vkb  r* 

concave  Side  trnnedixHiianls  tlie  earth,  vbile  its  siirii  ^a  tbe  macptu 


Bladdsb  rafs  soon  sqmaied  tbe  Inminim  parts  of  tbc  arc 
rays  fboned,  becoming  altcraatetT'  laptdtjr  uid  slov^  kH^er  and 
tlicix  lustre  suddenly  increasing  and  dzmtatsking.    The  boctooi  of  thcie  ryt^ 
always  showed  the  brightest  figtn,  and  iamied  a  rnorc  or  leas  rqgalar  an- 
The  length  of  the  rays  was  very  t-ariablc,  bwt  ihcy  always  converged  to 
the  same  potm  or  the  horizon,  which  was  in  the  prakv^gntion  of  the  1 
end  of  the  dtpptQg^«eedle ;  sometimes  the  rays  were  prolonged  as  ( 


their  point  of  meeting,  and  thos  appeared  like  a 
cupola. 

The  arc  cootinucd  to  rise  in  an 
Sometimes  one  of  its  feet  or  even  bo:  le 

more  distinct  And  more  numerous ;  the  arc  was 
kmg  bind  of  rays  convoluted  in  ver^^  gracekil  ^apc^ 

?  boteal  crown.     The  lustre  of  the  raj^  varied 
ftttatntd  tliat  of  stars  of  the  first  magnitude ;  the  nyi 
the  curves  formed  and  re-formed  like  the  folds  of  a 
was  red,  the  middle  grecn»  while  the  rennaindcr 


Aurora  Borealis. 
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■k     Lastly,  the  lustre  diminished,  the  colours  disappeared  ;  everything 
Hie  feebler  or  suddenly  went  out 

V  French  scientific  commission  to  the  North  observed  T50  aurora* 
'eates  in  200  days  ;  ii  nppears  that  at  the  polcs»  nights  without  an  aurora 
•ealis  are  quite  excepiional,  so  that  it  may  be  assumed  that  ihcy  take  place 
iry  night,  though  with  var>'ing  intensity.  They  are  visible  at  a  consider- 
e  distance  from  ihe  poles,  and  over  an  immense  area.  Sometimes  the  same 
ora  borealis  has  been  seen  at  the  same  time  at  Moscow,  Warsaw,  Rome, 
[adir.  Tlieir  height  is  variously  estimated  at  from  90  to  460  miles, 
wton  found  the  mean  height  of  30  aurone  to  be  133  miles ;  they 
St  frequent  at  the  equinoxes,  and  least  so  at  the  solstices.  The 
T  differs  in  different  years,  attaining  a  maximum  every  ri  years  at 
e  lime  as  Ihe  sun-spots,  and  like  these  a  minimum  which  is  about  5 
•ars  from  the  maximum.  The  years  1844,  (855,  i860,  and  1877  are 
In  the  appearance  of  the  aurora. 
There  is,  moreover,  a  period  of  about  60  years  ;  for  the  years  1728,  178O1 
\  1842  have  been  remarkable  for  the  prevalence  of  the  aurora.  The  last 
I  periods  are  also  remarkable  for  the  occurrence  of  disturbances  in  the 
th'4  magnetism. 

mcrous    hypotheses   have  been  devised  to  account  for   the   aurone 
The  constant  direction  of  their  arc  as  regards  the  magnetic  me- 
and  their  action  on  the  magnetic  needle  (702),  seem  to  show  that  they 
be  attributed  to  electric  cunents  in  the  higher  regions  of  the  almo- 
in high  latitudes  the  aurora  borealis  acts  powerfully  on  the  wires  of 
ric  telegraph ;  the  alarms  arc  for  a  long  lime  violently  rung*  and 
iw  frequently  interrupted  by  the  spontaneous  abnormal  working  of 

a{l|MUtlfU9, 

ifcrtnim  of  the  aurora  Ixirealis  has  been  found  by  Vogel  to  consist 
>  \\\  the  green,  and  of  an  indi?>rinct  line  in  the  blue  ;  to  which  must 
iddcd  a  red  line  due  lu  the  red  protuberances  ;  these  lines  are  the  same 
JIww©  of  nitrogen  greatly  raretied  and  at  a  low  temperature. 

'ing  to  I>c  la  kive  iiuror;e  boreales  arc  due  to  electric  discharges 

•_  place  in   polar  regions  between  the  positive  electricity  of  the 

ioi]ibere  and  the  negative  electricity  of  the  earth  ;  electricities  which 

Bisclres  arc  separated  by  the  action   of  the  sun,  principally  in  the  cqua- 

aI  regions. 

E\  occurrence  of  irrcgtilar  currents  of  electricity  which  manifest  them- 
by  abnoiTnal  disturbances  of  tclegrjiphrc  communication*  Is  not  in- 
1!  :  such  currents  have  received  the  fiame  of  tarth  <umnU,     Sabine 
Dd   that  these  magnetic  disturbances  aire  due  to  a  peculiar  action  of 
I,  and  probably  independently  of  its  r.^diant  heat  and  light.     It  has 
n  ascertained  that  the  aurora  boreaJi^  as  well  as  earth  currents  in* 
-J  these  magnetic  disturbances.     Ac**'  »  Balfour 

I  earth  currents  arc  to  be  regarded  as  s  rurrrnts 

diiuM  but  rapid  changes  in  the  earth's  magnetism:    '  the 

ftbe  earth  to  the  mn:^nrtif  cnre  of  a  RtThmkorfTs  mar!i  i  .  the 

fccf  the  ilator^  wTi  -jjer  and 

ISlnrtforc  '  ^  I,  may  be  :d  as  the 

'  coll. 
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On  this  analogy  the  sun  may  perhaps  be  likmrd  to  the  primary  cvicb! 
which  performs  the  part  of  producing  changes  in  the  magnrfir  sole  cf  the 
core.  Now  in  Ruhmkorfifs  machine  the  energy  of  the  seoondaiy  camt  b 
derived  from  that  of  the  primary  current.  Thus,  if  the  analogy  he  oanea 
the  energy  of  the  aurora  borealis  may  in  like  maniirr  come  from  the  sod  : 
but  until  we  know  vofm  of  the  connection  between  the  son  and  tcnesiml 
magnetism,  these  ideas  are  to  be  accepted  with  some  reserve. 


CLnL\TOLOCY. 

1004.  IKeaa  temper  tare. — The  nuan  daiJjr  iem^erature^  tx  simply  tern- 
Peraiure^  is  that  obtained  by  adding  together  24  hourly  obser%axioos»  and 
dividing  by  24.  A  very  close  approximation  to  the  mean  temperatnre  b 
obtained  by  taking  the  mean  of  the  highest  and  lowest  temperatnres  of  the 
day  and  of  the  night,  which  are  determined  by  means  of  the  mazimnm  and 
minimum  thermometers.  These  ought  to  be  protected  from  the  son's  ra)'s, 
to  be  raised  above  the  ground,  and  far  fh>m  all  objects  which  might  indoesce 
them  by  their  radiation. 

The  temperature  of  a  month  is  the  mean  of  those  of  30  days,  and  the 
temperature  of  the  year  is  the  mean  of  those  of  12  months.  Finally,  the 
temperature  of  a  place  is  the  mean  of  its  annual  temperatnxe  for  a  great 
series  of  years.  The  mean  temperature  of  London  is  ^-zt*  C,  or  46^  F. 
The  temperatures  in  all  cases  are  those  of  the  air,  and  not  those  of  the 
ground. 

1 005.  Caoses  wmcli  modify  tlie  tempeimtsre  «r  the  air.  — The  princiful 
causes  which  modify  the  temp>erature  of  the  air  are  the  latitude  of  a  piact. 
its  height,  the  direction  of  the  winds,  and  proximity  of  seas. 

Influence  of  the  latitude, — The  influence  of  the  latitude  arises  from  ibc 
greater  or  less  obliquity  of  the  solar  rays,  for  as  the  quantity  of  heat  absorbed 
is  greater  the  more  perpendicular  are  the  rays  (414),  the  heat  absorbed  de- 
creases from  the  equator  to  the  poles,  for  the  rays  are  then  more  oblique 
This  loss  is,  however,  in  summer,  in  the  temperate  and  arctic  zones,  pardall) 
compensated  by  the  length  of  the  days.  Under  the  equator,  where  the 
length  of  the  days  is  constant,  the  temperature  is  almost  invariable ;  in  the 
latitude  of  London,  and  in  more  northerly  countries,  where  the  da>-s  ait 
very  unequal,  the  temperature  varies  greatly ;  but  in  summer  it  soroctimto 
rises  almost  as  high  as  under  the  equator.  The  lowering  of  the  temperanirc 
produced  by  the  latitude  is  small :  thus,  in  a  latitude  1 1 5  miles  north  ot 
France,  the  temperature  is  only  1^  C.  lower. 

Influence  of  height. — The  height  of  a  place  has  a  much  more  consider- 
able influence  on  the  temperature  than  its  latitude.  In  the  temperate 
zone  a  diminution  of  r  C.  corresponds  in  the  mean  to  an  ascent  of  iSo 
yards. 

The  cooling  on  ascending  in  the  atmosphere  has  been  observed  ia 
balloon  ascents,  and  a  proof  of  it  has  been  seen  in  the  perpetual  sdo« 
which  cover  the  highest  mountains.  It  is  due  in  part  to  the  greater  rareiac- 
tion  of  the  air,  which  necessarily  diminishes  its  absorbing  pou-cr  ;  besicci 
which  the  air  is  at  a  greater  distance  from  the  ground,  which  heats  it  b) 
contact ;  and  finally,  dr)  air  is  ver>-  diathermanous. 
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The  law  of  the  diminution  of  temperature  corresponding  to  greater 
heights  tji  the  atmosphere  has  not  been  made  out,  in  consequence  of  the 
Qttmerous  disturbing  causes  which  modify  it,  such  as  tlic  prevalent  winds, 
the  hygTometric  state,  the  time  of  day,  the  season  of  the  year,  &c.  The 
diiference  between  the  tcmperaiures  of  two  places  at  unequal  heights  is  not 
proportional  to  the  difference  of  level,  but  for  moderate  heights  an  approxi- 
mation to  the  law  may  be  made.  As  the  mean  of  a  series  of  very  careful 
observations  nmdc  during  balloon  ascents,  a  diminution  of  i*  C  corresponded 
to  an  increase  in  height  of  232  yaids. 

It  will  thus  be  seen  that  at  a  certain  height  above  the  ground,  there  must 
be  a  surface  or  layer  where  the  temperature  is  uniformly  xero.  The  height 
ol  this  isothermal  surface  ( 1007)  will  vary  materially  with  the  lime  of  the  year, 

g  lower  in  the  cold  months  ;  it  varies  also  with  the  time  of  day,  rising 

[dly  about  mid-day.  In  summer  this  height  may  be  taken  at  from  340010 
metres  above  the  sea-leveL 

fHrecihn  of  winds, ^h&  winds  share  the  temperature  of  the  countries 
which  they  have  traversed,  their  direction  exercises  great  influence  on  the 
xa  in  any  place.  In  Paris,  the  hottest  winds  are  the  south  ;  then  come  the 
iOBlh-east,  the  south-west,  the  west,  the  cast,  the  north-west,  north,  and 
lii*ly,  the  north-east,  which  is  the  coldest.  The  character  of  the  wind 
;t  with  the  seasons ;  the  east  wind,  which  is  cold  in  winter,  is  warm  in 

/'ri^jYiw/^y  <?/'/'j^  it*a.^Thc  neighbourhood  of  the  sea  tends  to  raise  the 
temperature  of  the  air,  and  to  render  it  uniform*  The  average  temperature 
of  the  tea  in  equatorial  and  polar  countries  is  always  higher  than  that  of  the 
iiinK>«phere.  With  reference  to  the  uniformity  of  the  temperature,  it  has 
been  found  that  in  temperate  regions— that  is,  frmn  25**  to  50**  of  latitude — 
the  difrcrcncc  between  the  highest  and  lowest  temperiUureof  a  day  docs  not 
eiccecd,  on  the  sea,  z'^  to  3^  ;  while  upon  the  Continent  this  amounts  to  from 
13*  to  1 5".  In  islands  the  uniformity  of  temperature  is  very-  perceptible,  even 
daring  the  greatest  heats.  In  continents,  on  the  contrary,  the  winters  for 
the  same  latitudes  become  colder,  and  the  difference  between  the  tempera* 
tiire  of  summer  and  winter  becomes  greater. 

foo6.  Oiuretrettm^—A  similar  influence  to  that  of  the  winds  is  exerted 
by  ciifrcnts  of  warm  water.  To  one  of  these,  the  Gulf  Stream,  the  mildness 
oCllie  climate  in  the  north-west  of  Europe  is  mainly  due.  This  great  body  • 
oC  wiMr,  taking  its  origin  in  equatorial  regions,  flows  throvigh  the  Gulf  of 
MokOy  from  whence  it  derives  its  name  ;  passing  by  the  southern  shores  of 
NonJl  America,  it  makes  its  way  in  a  north-westerly  direction  across  the 
Alianilc,  and  finally  washes  the  coast  of  Ireland  and  the  north-west  of  Europe 
gmt rally ♦  Its  tempcratuje  in  the  (fulf  is  about  2$"  C.  ;  and  it  is  usually  a 
llulc  more  tlian  5"  C.  higher  than  the  rest  of  the  ocean  on  which  it  ffcmts, 
owing  to  its  tower  specific  gravity.  To  its  influence  is  due  the  milder  climate 
of  West  Europe  as  compared  with  that  of  the  opposite  coa»t  of  America  :  thus 
the  river  Hud*»on,  in  the  latitude  of  Rome,  is  froien  over  three  months  in  the 
year.  It  also  causes  the  polar  regions  to  be  separated  from  the  coasts  of 
Europe  by  a  girdle  of  open  sea;  and  thus  tlie  harbour  of  Hammerfe^it  11 
opca  lJ>e  year  round.  Besides  iii»  influence  in  thus  moderating  cljmate,  the 
Golf  Sfnmm  it  an  important  help  to  navigators. 
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1007.  Zsotliermal  Uses. — When  on  a  map  all  the  points  whose  tempera- 
ture is  known  to  be  the  same  are  joined,  curves  are  obtained  which  Hum- 
boldt first  noticed,  and  which  he  called  isothermal  lines.  If  the  temperature 
of  a  place  only  varied  with  the  obliquity  of  the  sun's  rays — that  is,  with  the 
latitude— isothermal  lines  would  all  be  parallel  to  the  equator ;  but  as  the 
temperature  is  influenced  by  many  local  causes,  especially  by  the  height,  the 
isothermal  lines  are  always  more  or  less  curved.  On  the  sea,  howev-er,  the)* 
are  almost  parallel.  A  distinction  is  made  between  isothermal lines^  isotherd 
lines^  and  isochimenal  lines^  where  the  mean  general^  the  mean  summer,  and 
the  mean  winter  temperatures  are  respectively  constant.  An  isotkermd! 
zone  is  the  space  comprised  between  two  isothermal  lines.  Kupffcr  also 
distinguishes  isogcoihermic  lines  where  the  mean  temperature  of  the  soil  is 
constant 

1008.  Climate. — By  the  climate  of  a  place  is  understood  the  whole  of  the 
meteorological  conditions  to  which  a  place  is  subjected ;  its  mean  annual 
temperature,  summer  and  winter  temperatures,  and  the  extremes  within 
which  these  are  comprised.  Some  writers  distinguish  seven  classes  <rf 
climates,  according  to  their  mean  annual  temperature  :  a  hot  climate  from 
30°  to  25°  C. ;  a  wartn  climate  from  25°  to  20**  C. ;  a  mild  climate  from  scr' 
to  1 5°  C.  ;  a  temperate  climate  from  1 5®  to  lo**  C. ;  a  cold  climate  from  lo**  to 
5**  C.  ;  a  very  cold  climate  from  5**  to  zero  C. ;  and  an  arctic  climate  where 
the  temperature  is  below  zero. 

Those  climates,  again,  are  classed  as  constant  climates^  where  the  dif- 
ference between  the  mean  and  summer  and  winter  temperature  does  m< 
exceed  6°  to  8®  ;  variable  climates,  where  the  difference  amounts  to  from 
16°  to  20° ;  and  extreme  climates,  where  the  difference  is  greater  than  50". 
The  climates  of  Paris  and  London  are  variable  ;  those  of  Pekin  and  New 
York  are  extreme.  Island  climates  are  generally  little  variable,  as  the 
temperature  of  the  sea  is  constant ;  and  hence  the  distinction  between  land 
and  sea  climates.  Marine  climates  are  characterised  by  the  fact  that  the 
difference  between  the  temperature  of  summer  and  winter  is  alwax-s  less 
than  in  the  case  of  continental  climates.  But  the  temperature  is  b>'  r.o 
means  tjie  only  character  which  influences  climates  ;  there  are,  in  additioc 
the  moisture  of  the  air,  the  quantity  and  frequency  of  the  rains,  the  number 
of  storms,  the  direction  and  intensity  of  the  winds,  and  the  nature  of  the  s<>il 
•  1009.  BUtrlbution  of  temperature  on  tbe  snrfkee  of  tbe  g:lebe.— The 
temperature  of  the  air  on  the  surface  of  the  globe  decreases  from  the  equal  -f 
to  the  poles ;  but  it  is  subject  to  perturbing  causes  so  numerous  and  s 
purely  local,  that  its  decrease  cannot  be  expressed  by  any  law.  It  hd> 
hitherto  not  been  possible  to  do  more  than  obtain  by  numerous  obsenatiiC.> 
the  mean  temperature  of  each  place,  or  the  maximum  and  minimum  tempe 
ratures.  The  following  table  gives  a  general  idea  of  the  distribution  of  hes: 
in  the  Northern  Hemisphere:  — 

Mean  temperature  at  different  latitudes. 

Abyssinia  .  .         .     310°  C.  Cairo      ....     22*4' C 

Calcutta.  .  .         .     28-5  Conslantine    .         .         .17*2 

Jamaica.  .                  .     261  Naples    ....     ib-r 

Senegal  .  .24*6  Mexico   .         .         .        .16-6 
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Rio  dc  Janeiro 

.    231 

Marseilles 

.     141 

Constantinople 

.    137"  c. 

London  . 

.        «-3^ 

Pckin    . 

.     127 

Stockholm 

.        5-6 

Paris      . 

.     IO-8 

Moscow 

.        3-6 

lirussels 

IO-2 

St.  Petersburj,' 

rs 

Strasburg 

.       9-8 

St.  Gothard   . 

—  I'O 

Geneva  . 

•       97 

Greenland 

.     -77 

Boston  . 

.       9*3 

Melville  Island      . 

.    -187 

These  are  mean  yearly  temperatures.  The  highest  temperature  which  has 
been  obser\'ed  on  the  surface  of  the  globe  is  47-4®  at  Esne,  in  Egypt,  and  the 
lowest  is  -  75"  in  the  Arctic  Expedition  of  1876  ;  which  gives  a  difference  of 
122*^  between  the  extreme  temperatures  observed  on  the  surface  of  the  globe. 

The  highest  temperature  obser\'ed  at  Paris  was  38*4*'  on  July  8,  1793, 
and  the  lowest  —23-5®  on  December  26,  1798.  The  highest  observed  at 
Greenwich  was  35°  C.  in  1808,  and  the  lowest  -20**  C.  in  1838. 

No  arctic  voyagers  have  succeeded  in  reaching  the  poles,  in  consequence 
of  these  seas  being  completely  frozen,  and  hence  the  temperature  is  not 
known.  In  our  hemisphere  the  existence  of  a  smg\t  glacial  pole — that  is,  a 
place  where  there  was  the  maximum  cold— has  been  long  assumed.  But  the 
bendings  which  the  isothermal  lines  present  in  the  Northern  Hemisphere  have 
shown  that  in  this  hemisphere  there  are  two  cold  poles— one  in  Asia,  to  the 
north  of  Gulf  Taymour ;  and  the  other  in  America,  north  of  Barrow's  Straits, 
about  1 5®  from  the  earth's  north  pole.  The  mean  temperature  of  the  first  of 
these  poles  has  been  estimated  at  —17°,  and  that  of  the  second  at  —19°. 
With  respect  to  the  austral  hemispheres,  the  observations  are  not  sufficiently 
numerous  to  tell  whether  there  are  one  or  two  poles  of  greatest  cold,  or  to 
determine  their  position. 

1010.  Temperature  of  lakes*  seas,  and  eprinrs. — In  the  tropics  the 
temperature  of  the  sea  is  generally  the  same  as  that  of  the  air ;  in  polar 
regions  the  sea  is  always  warmer  than  the  atmosphere. 

The  temperature  of  the  sea  under  the  torrid  zone  is  always  about  26°  to 
27®  at  the  surface  :  it  diminishes  as  the  depth  increases,  and  in  temperate 
as  well  as  in  tropical  regions  the  temperature  of  the  sea  at  great  depths  is 
between  2*5'^  and  3*5**.  The  temperature  of  the  lower  layers  is  caused  by 
submarine  currents  which  carry  the  cold  water  of  the  polar  seas  towards  the 
equator. 

The  variations  in  the  temperature  of  lakes  are  more  considerable  ;  their 
surface,  which  becomes  frozen  in  winter,  may  become  heated  to  20'  or  25®  in 
summer.  The  temperature  of  the  bottom,  on  the  contrary,  is  virtually  4^, 
which  is  that  of  the  maximum  density  of  water. 

Springs,  which  arise  from  rain  water  which  has  penetrated  into  the  crust 
of  the  globe  to  a  greater  or  less  depth,  necessarily  tend  to  assume  the  tempe- 
rature of  the  terrestrial  layers  which  they  traverse.  Hence,  when  they  reach 
the  surface  their  temperature  dejiends  on  the  depth  which  they  have  attained. 
If  this  depth  is  that  of  the  layer  of  invariable  temperature,  the  springs  have 
.1  temperature  of  10°  or  1 1°  in  this  country,  for  this  is  the  temperature  of  this 
layer,  or  about  the  mean  annual  temperature.  If  the  springs  are  not  very 
copious,  their  temperature  is  raised  in  summer  and  cooled  in  winter  by  that 
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of  the  layers  which  they  traverse  in  passing  froi 
surface*  But  if  they  come  from  be!ow  the  byi 
their  temperature  may  considerably  exceed  th 
place,  and  they  are  then  called  ihirtHal  spring: 
the  temperature  of  some  of  them  :^ 

Wildbad    ,  .  ,  .  • 

Vichy        .... 

Bath  ,  .  ,  . 

Ems  .  .  ,  . 

Baden -Baden 

Chaudes-Ai^es    . 

Trincheras 

Great  Geyser,  in  Iceland,  at  a  depth  of  6 

From  their  high  temperature  they  have  the 
mineral  substances  which  they  traverse  in  th* 
mmtral  waters.     The  temperature  of  mineral 
general  by  the  abundance  of  rain  or  of  drynci 
after  which  they  have  sometimes  been  found  to 

loi  r.  lH»trlbntt0ii  of  iMid  and  wat«T. — Tk 
surface  of  the  earth  exercises  great  influence  oi 
by  -water  is  considerably  greater  than  that  of  th< 
tjon  1*1  unequal  in  the  twn  hemispheres.  The 
occupies  about  3oo  millions  of  square  miles,  ne; 
water ;  that  is,  the  extent  of  the  w  ater  is  nearly 
of  the  land.  The  surface  of  the  sea  in  the  Soul 
the  Northern  in  about  the  ratio  of  i  j  to  9. 

The  depth  of  the  open  sea  is  \tty  variable 
the  bottom  at  about  300  to  450  yards ;  in  the  1 
and  instances  are  known  in  which  a  bottom  has 
of  4,500,  It  has  been  computed  that  the  tota 
exceed  that  of  a  liquid  layer  surrounding  Ihc 
i^ioo  yards. 


PROBLEMS    AND    EXAMPLES 
IN   PHYSICS. 


I.  EQUILIBRIUM. 

1.  A  body  being  placed  successively  in  the  two  pans  of  a  balance,  requires  i8o 
grammes  to  hold  it  in  equilibnum  in  one  pan,  and  i8i  grammes  in  the  other;  lequired 
the  weight  of  the  body  to  a  milligramme. 

From  the  formula  x  «  *Jpp,  we  have 

X  m.  ^i8o  y  i8x   «  zSof,  499. 

2.  What  resistance  does  a  nut  offer  when  placed  in  a  pair  of  nutcrackers  at  a 
diftanfie  of  |  of  an  inch  from  the  joint,  if  a  pressure  of  5  pounds  applied  at  a  distance 
of  4  inches  from  the  joint  is  just  sufficient  to  crack  it  ?  Ans.  a6}  pounds. 

5.  What  force  is  required  to  raise  a  cask  weighing  6  cwt.  into  a  cart  o'8  metre 
high  along  a  ladder  375  metres  in  length  ?  Ans.  195^  pounds. 

4.  If  a  horse  can  move  30  cv^-t.  along  a  level  road,  what  can  it  move  along  a  road 
the  inclination  of  which  is  i  in  80,  the  coefficient  of  friction  on  each  road  being  ^  ? 

Ans,  26|cwt. 

6.  The  piston  of  a  force-pump  has  a  diameter  of  8  centimetres,  and  the  arms  of 
the  lever  by  which  it  is  worked  are  respectively  la  and  96  centimetres  in  length ;  what 
force  must  be  exerted  at  the  longer  arm  if  a  pressure  of  X2'36  pounds  on  a  square  cen- 
tioietre  is  to  be  applied?  Ahs.  77 '69  pounds. 

II.  GRAVITATION. 

6.  A  stone  is  thrown  from  a  balloon  with  a  velocity  of  50  metres  in  a  second.  How 
foon  will  the  velocity  amount  to  99  metres  in  a  second,  and  through  what  distance 
win  the  stone  have  fallen  ? 

To  find  the  time  requisite  for  the  body  to  have  acquired  the  velocity  of  99  metres  in 
a  second,  we  have 

v-  K  +  //; 
in  which  V  is  the  initial  velocity,  g  the  acceleration  of  gravity  which,  with  sufficient 
approximation,  is  equal  to  98  metres  in  a  second,  and  /  the  time.     Substituting  these 
values,  we  have 

/.99-S0.49.5  seconds. 
98  98        ^ 

For  the  space  traversed  we  have 

J  -  A7  +  ^gfl  -  so  X  5  +  49  X  35  -372*5  metres. 

7.  A  projectile  was  thrown  vertically  up^^ards  to  a  height  of  sio"*aa.  Disregard- 
ing the  resistance  of  the  air,  what  was  the  initial  velocity  of  the  body  ? 

The  velocity  is  the  same  as  that  which  the  body  woukl  have  acquired  on  falling 
from  a  height  of  510*33  metres. 

From  the  formula  v  m.  -^a^Jvv-e  get 

V    mm     s/l    X    9-8    X    5x0*33    ■■     VXOOOO    ■•     XOO  mCtTCS. 

8.  A  stone  is  thrown  vertically  upwards  with  an  initial  velocity  of  xoo  metres. 
Alter  what  time  would  it  return  to  its  original  position? 
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The  time  £if  ming  and  falling  Is  the  samte*  but  tbi 
=  JO'J,  which  b  half  Ihc  ijrae  n 

9.  A  stance  is  thrcmn  viotii^Ilf  ujrwiEinls  with  nit  iiti 
m  seconds  a  second  sccme  b  thrown  %itb  the  same  svXOf 
t-7  secoods  befoft?  it  me^ts  the  firs^i.     Wtat  interval  se 

The  rising  stone  will  h^ve  the  vclodty  f  *>  V  —  g^ 
On  the  oth*r  band,  the  fallkjg  stone,  at  the  tnometit  the  1 
given  by  the  equation  t?  —  gt'  in  which  I"  is  the  lin 

befone^  it  meets  the  second  O'nc.    This  time  is  equal  to  : 

its  velocity  ts  ^ 

Equating  the  two  values  of  if  and  reducing,  we  obtain 

10.  A  lx>dy  moving  with  a  nmtmmlj  acoetriatcd  1 
metres  in  10  seconds,  WTint  would  he  the  space  I 
second  if  the  motion  continued  Id  the  same  manner? 

The  f ormuk  $  =  |  ^  '  gi^X'^  for  the  accclemting  fc 

The  space  itaveraed  during  the  eighteenth  second  ^ 

the  space  tm versed  in  18  seconds  and  that  traversed  at 

fl  3 

11.  A  cannon-ball  has  been  shot  \»erticjillf  upmiard! 
3  second,  Aftt-T  whAt  interval  of  time  wonld  its  velocir 
und^r  the  retarding  influence  of  gtnvitf ,  and  what  spai 
the  ball  at  the  end  of  this  time  ? 

If  /  be  tl)i*  time,  then  at  the  end  of  each  second  ll 
nished  by  9'"S,     Hence  we  shall  have 

54  »   250  —  i  as  9 "8,  whence  i  » 

and  for  the  si%ice  traversed 

13.  Reiiuired  the  time  in  whkh  a  body  would  laJl  1 
neglecting  the  resistance  of  the  air. 

From  J  —   }igf^  and  substituling  the  viilue*.  hi:  h^ 

'     /'t  whence  /  w 

13,  A  bodv  falli  in  ^lir  from  a  height  of  4000  UKtn 
and  lis  veii>citj  when  it  i^Lrikes  the  ground. 

From  the  formub  J  —  i  ^/^  wc  ha\e  for  the  lime  J 
hjnd,  friim  the  form u In  fur  velocity  v  s  /i  we  liAve  / 

Hence  *    -      /  -*  frtrtn  wt 

^   a8o  metres. 

14.  A  stuue  is  throH^  mlny  ;i  pit   150  metre*  drej 
seconds.     With  wha:  veloeity  Wiis  it  thrown,  and  w 
f  tHichjng  I  lie  grciund  ?    Ahs,  The  stoncr  was  thruwn 
fcueliing  the  ground  had  acquired  the  velodty  57  i. 

13.  A  5 tone  iij  thrown  downwards  from  a  heif^ht  o 

n  jet  res  per  second.      How  long  %iil  it  require  to  fit  II  ? 

IW  distance  through  which  the  stone  fails  is  dc 
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through  which  it  would  fall  in  virtue  of  its  initial  impulse  and  of  that  which  it  would 

traverse  under  the  influence  of  gravity  alone  ;  that  is,  150  ■>  10  /  +  ^      _. 

3 
Taking  the  positive  value  only  we  get  /  ■■  4*61  seconds. 

16.  How  far  will  a  heavy  body  fall  in  vacuo  during  the  time  in  which  its  velocity 
increases  from  4025  feet  per  second  to  88  55  feet  per  second  ? 

Aiu,  Taking  the  value  of  ^  at  32*2  feet,  the  body  falls  through  96*6  feet 

17.  Required  the  time  of  oscillation  of  a  single  pendulum  whose  length  is  0*9938. 
and  in  a  place  where  the  intensity  of  gravity  is  9*81. 

From  the  general  formula  /  —  «■     /  ,  in  which  /  expresses  the  time  of  or^ 
oscillation.  /  the  length  of  the  pendulum,  and  g  the  intensity  of  gravity,  we  ha\  e 
/  -  31416      /^•99384  .   ,  s^nd. 

^r  9*81 

18.  What  is  the  intensity  of  granty  in  a  place  in  which  the  length  of  the  seconds 
pendulum  is  o"*99i  ? 

In  this  case/  -  w^/    .;  and  also  /  ■■  w    /   .:  and  therefore         -     .,   from 

which  g'  -  ^.     Substituting  in  this  latter  equation  the  values  of  g\  I  and  T,  we 
have /•'«9»  78a. 

19.  In  a  place  at  which  the  length  of  the  seconds  pendulum  is  0*99384.  it  is  requirtrd 
10  know  the  length  of  a  pendulum  which  makes  one  oscillation  in  5  seconds. 

In  the  present  case,  as  g  remains  the  same  in  the  general  formuUi.  and  /  varies,  ihe 
length  /  must  vary  also.      We  shall  have,  then, 

from  which,  reducing  and  introducing  the  values,  we  have 
/  -  5*  X  099384  -  24 '846. 
QO.  A  pendulum,  the  length  of  which  is  x"*'95.  makes  61,682  oscillations  in  a  day. 
Required  the  length  of  the  seconds  pendulum.  Ams.  099385  metres. 

21.  A  pendulum  clock  loses  5  seconds  in  a  day.  By  how  much  must  it  be 
shortened  to  keep  correct  time  .* 

Let  i  -■  the  number  of  seconds  in  one  day.  and  /  the  niunt)er  indicated  by  the 
clock,  then  j:  /-«:«'«/':/-  %/?  •*  >//  .*.  86400  :  86395- 1 :  ^/xx,^.X'»  '9998^43. 
Hence  1-T-00001157  Ans. 

22.  What  is.  the  normal  acceleration  of  a  body  ^hich  traverses  a  circle  of  42 
metres  diameter  with  a  rectangular  velocity  of  3  metres  ?  Ams.  4  286  metres. 

23.  An  iron  ball  falls  from  a  height  of  68  cm.  on  a  horizontal  iron  plate,  and 
rebounds  to  a  height  of  27  cm.     Required  the  coefficient  of  elasticity  of  the  iron. 

If  an  imperfectly  elastic  ImU  with  the  velocity  v  strikes  against  a  plate,  it  rebounds 
uith  the  velocity  v,  ■■   —  i  f,  from  which,  disregarding  the  sign,  i  ■■  *''.     Now  ^e 

ha^-c   the  velocity  v,  -   V^  gh,  and  v  -  s/^gh,  from  which  k  -   -  '*    Sutetitut- 

ing  the  corresponding  values,  we  get  k  —  0*63. 

24.  Two  inelastic  bodies,  weighing  respectively  100  and  200  pounds,  strike  against 
each  other  with  velocities  of  50  and  20  feet ;  what  is  their  common  velocity,  after  the 
impact  ?  Ahs.  30,  or  3*3,  according  as  they  move  in  the  same  or  in  opposite  directions 
before  impact. 
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IIL    ON  LIQUIDS  AND 

39.  The  Toroe  with  which  a  hydraulic  press  is  wor 
levfET  on  which  this  force  acts  is  5  limes  as  Jong  gj  t 
area  of  Ihe  large  piston  is  70  Itmes  that  of  the  smaJ 
tmjismitted  to  tlie  large  piston. 

If  /■  be  the  power,  and  /  the  pressure  trajismiit« 
from  the  prioctple  of  th^  lever  /  x  i  *»  F  j«  5.  M< 
equality  of  pressure 

i>  X  I  ■»  /  w  70  »  5  M  30  >c  70 

26.  The  force  with  which  a  hydraulic  press  is  wc 
of  the  tever  by  which  this  force  is  applied  being  io  tii 
anoe,  and  the  diameter  of  the  small  piston  being  two 
the  large  piston,  in  order  that  a  pressure  of  3000  kilo; 


27.  One  of  the  limbs  of  a  U-shaped  glass  lube  c 
o«'i75-  the  other  contains  a  diffenent  liquid  to  a  he 
bdng  in  equilibrium,  required  the  density  of  the  secoi 
cury  and  to  w^ter. 

If  ^  is  the  density  of  the  liquid  as  compared  with 
paied  with  water,  then  i  m  0*175  *  oH^  ^  '^i  @ 
whence  d  =•  0*416  and  d^  ^  5'^- 

08.  UTiat  force  would  be  necessary  to  support  a 
mercury  at  zero  ?    Density  of  mercury  13  "6  and  thiit 

From   the  formula  P  —    FD  the  weight  of  a 
t  K  31  '5  Si  21**5  ^^^  *^^t  of  a  cubic  decimetre  0I 
From  the  pritvciple  of  Archimedes,  the  immersed  pi 
equa]  to  that  of  the  mercury  which  it  displaces.     Its 
31 '5  —  13^6  "-  7  "9,  and  this  represents  the  force  reqtJ 

29.  Given  a  body  A  which  weighs  7 '55  gram  met 
6 "35  gr*  in  another  liquid,  B  i  required  from  these  dat 
that  of  the  liquid  B. 

The  weight  of  the  l»ody  A  loses  in  water  7  55  —  5 
setits  the  weight  of  th?  displaced  water.  In  the  liquid  , 
this  is  the  weight  of  the  same  volume  of  the  body  B^  x 
water.     The  specific  gravity  of  A  is  therefore 


23@         "^    ^ 


anid  that  of  B 


aj^ 


SO*  A  cube  of  leiid.  the  side  of  which  is  4  cm.,  ■ 
being  suspended  to  a  sphere  of  cork.    Wliat  must 
specific  gravity  of  cork  being  o'34t  and  that  of  lead  i\ 

The  volume  of  the  It^d  is  64  cubic  centimetres 
64  w  tt*3S.  nod  its  weight  in  water  64  <  11*35  —  64 

If  r  be  the  radius  of  the  sphere  in  centimetres,  its 


.4"* 


and  its  i^^ight  in  grammes  is  1. 


-r* 


displaced  water  is  obviously  -^  1 
represented  by  ^         -^  ~ 


jh*  in  grammes, 
0*84  ^  4  ■•  r^ 


thci 


weight  of  the  le:ul  ;  that  is, 
diameter  —   tt'85. 


4  »  r*  X  0*76 


o^ 
3 
66a  5,  &t 
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51.  A  cylindrical  steel  magnet  15  cm.  in  length  and  z  *a  mm.  in  diameter,  is  loaded 
at  one  end  with  a  cylinder  of  platinum  of  the  same  diameter  and  of  such  a  length  that 
when  the  solid  thus  formed  is  in  mercury,  the  free  end  of  the  steel  projects  10  mm. 
above  the  surface.  Required  the  length  of  this  platinum,  specific  gravity  of  steel 
bdng  7*8  and  of  platinum  31*5. 

The  weight  of  the  steel  in  grammes  will  be  iswr^  x  7*8  and  of  the  platinum 

M    f*   X   21*5. 

These  are  together  equal  to  the  weight  of  the  displaced  mercury,  which  is 
*      «■  r*  (14  +  jr)  13*6,  from  which  x  ■■  9*29  cm. 

52.  A  cylindrical  silver  wire  o*'ooi5  in  diameter  weighs  3*2875  grammes ;  it  is  to 
be  covered  with  a  layer  of  gold  0**ooo2  in  thickness.  Required  the  weight  of  the  gold ; 
the  specific  gravity  of  silver  being  10*47  <^<1  ^^^  ^^  R<>1<1 19*26. 

If  r  is  the  radius  of  the  silver  wire  and  R  its  radius  when  covered  with  gold,  then 
r  «  0^*075  and  R  ■■  0^*095.  The  volume  of  the  silver  wire  will  be  «■  r*  /  and  its 
weight  «■  r*  / 10*47,  fro™  which  /  ■■  I7«*768. 

The  volume  of  the  layer  of  gold  is 

w(Ri  ^  f^)  17768, 
and  its  weight 

w  (0*095'  —  0*075')  ^  17*768  X  19*26  —  3*656  nearly. 

9S.  A  kilogramme  of  copper  is  to  be  drawn  into  wire  having  a  diameter  of  0*16 
centimetre.    What  length  will  it  yield  ?    Specific  graWty  of  copper  8*88. 

The  wire  produced  represents  a  cylinder  /cm.  in  length,  the  weight  of  which  is 
»  I*  /  8*88,  and  this  is  equal  to  1000  grammes.     Hence  /  —  56«»»-oo85. 

34.  The  specific  gravity  of  cast  copper  being  879,  and  that  of  copper  wire  being 
S*88,  what  change  of  volume  does  a  kilogramme  of  cast  copper  undergo  in  being 

drawn  into  wire?  Ans,  _£??  . 

866x7 

S5.  Determine  the  volumes  of  two  liquids,  the  densities  of  which  are  respectively 
t'3  and  0*7,  and  which  produce  a  mixture  of  three  volumes  having  the  density  0*9. 

If  X  and  y  be  the  volumes,  then  from  P  ■■  VD,  i'^  x  -^  07 y  ^  ^  x  0*9  and 
jr  •♦•  jf  ■■  3,  from  which  jt  ■■  1  and  y  mm  %. 

36.  The  specific  gravity  of  zinc  being  7  and  that  of  copper  9,  what  weight  of  each 
metal  must  be  taken  to  form  50  grammes  of  an  alloy  having  the  specific  gravity  8'a,  it 
being  assumed  that  the  volume  of  the  alloy  is  exactly  the  sum  of  the  alloyed  metals  ? 

Let  X  mm  the  weight  of  the  zinc,  and  y  that  of  the  copper,  then  4r  •»-  ^  -■  50^  and 

n 

from  the  formula  P  ■■  VD,  which  gives  V  mm       the  volumes  of  the  two  metals  and  of 

the  alloy  are  respectively  -  +  -^  ■  ^  .     From  these  two  equations  we  get  jr  «  17*07 

7       9       8*2 
and^  -  3a  ^a- 

37.  A  platinum  sphere  3  cm.  in  diameter  is  suspended  to  the  beam  of  a  very  ac- 
curate balance,  and  is  completely  immersed  in  mercury.  It  is  exactly  counterbalanced 
by  a  copper  cylinder  of  the  same  diameter  completely  immersed  in  water.  Required 
the  height  of  the  cylinder.  Specific  gravity  of  mercury  13 '6,  of  copper  8*8,  and  of 
platinum  21*5.  Ans.  2025  centimetres. 

35.  To  balance  an  ingot  of  platinum  27  grammes  of  brass  are  placed  in  the  other 
pAn  of  the  balance.  What  weight  would  have  been  necessary  if  the  weighing  had  been 
effected  in  vacuo?    The  density  of  platinum  is  ai'5,  that  of  brass  8*3,  and  air  under 

a  pressure  of  760  mm.  and  at  the  temperature  cP  has    '    the  density  of  water. 

770 

The  weight  of  brass  in  air  is  not  27  grammes,  but  this  weight  minus  the  weight  of 

a  vohiroe  of  air  equal  to  its  own. 

P  P  ot 

Since  P  ■■    KD.*.  T  ■   \1  and  the  weight  of  the  air  is  ^  -    "         ^     -  . 

D  Z>  X  770        83  X  770 

By  similar  considerations,  if  x  is  the  weight  of  platinum  m  vacuo,  iu  weight  in  air 
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will  be  X  mkius  Ibe  wd^hc  of  air  dispIactNJ,  that  is  x  - 
is  equal  to  that  of  the  true  weight  of  the  bmss  ;  and  v 

21-5  X  770  8-3  n  770 

39.  A  body  loses  in  cnrbonic  acid  115  gr.  of  its  w 
of  weight  in  air  and  in  hydrogen  respectively? 

Since  a  litre  of  air  at  o*^ and  760  mm.  wdghs  i^ 
qarbonlc  acid  weighs  I '»93  x  1*534  =*  i^97Enimrae. 
volume  of  carbonic  acid  corresponding  to  1*15  gr,  b) 
which  gives  O'S^J?  litre.  This  being  then  the  volum 
volume  of  air,  and  therefore  its  lo^sof  ivi*ight  in  airi*»o 
aisd  in  hydrogt*n  05837  k  i  ■393  n  0-069   "  0^53076 

40,  CalciiliU**  the  a5cen^ion:il  force  of  a  spherical  I 
empty ►  weighij  6a  5  kilos,  and  which  is  filled  with  f( 

which  is   '  that  of  air.     The  oiled  &ilk  weighs  0250  k 
The  surface  of  the  bftlloon  is         ^  «  ajo  square  in 

0-3S 

a  sphere,  is  equAl  to 4  ir  .S^,  whence  ^wti^  —  350  and  R 

—  371  sa  cubic  metres. 

The  wdght  of  air  displaced  is  37J*52  jc  i*»93  kiJo 
the  hydrogen  is  36^88  kilos,  and  tlicreforx-  the  ascensio 
4S037S  -  (36B8  +  63-5)  - 

€1.  A  balloon  4  metres  in  diameter  is  ma^ie  of  t 
the  same  hydrogen  :is  above.     How  much  hydroge 
weigh!  c;in  U  support  ? 

Th^  volume  is  ^  w  ^^^  —  33*it  cubie  metres,  and  tb 

3 

metres.     The  weight  of  ihe  air  displaced  is  33  51  m  1 

the  hydrogen  is  Irem  the  alxjve  data  3  333  kilos,  while  th 

kilos,     H^ince  Ih**  weighi  which  the  balloon  can  suppo 

43-338  -  {i2-^66  +  3  333*  ^ 
i^.  Under  the  receivcf  of  an  air-pump  is  placed  a 
two  cubes;  one  of  these  is  3  centimetres  in  the  sideband 
is  5  centimetres  in  the  side,  and  wdghs  263597  gramu 
made  these  cubes  just  bilnnce  each  other,  WliL^t  is  th 
*3.  A  soup-bubble  8  centim*itreii  in  dLimeier  wa 
volume  uf  hydrogen  gas  antl  15  volumes  air,  Tlie  bul 
quired  the  ihickness  of  the  film. 

The  weight  of  the  volume  of  air  displaced  Is  ^  w  H 

of  the  mii^ture  of  gases   *  w  H  x  ©'001393  *  ^   — 
3  3 

these  will  equal  the  weight  of  the  soap-bnbhle. 

This  weight  is  that  of  a  spherical  shell,  which, 
smalt,,  is  with  sufficient  aceiim.cy  4  w  r*  /  j  in  gmmme 
»i  J,     Hence 

^  ^  f^  \  '001393  **     001293    K         -  ^*^^ 
3  V  16 

Dividing  each  side  by  ''^ »  r*,  and  putting  r  -  4,  we  j 


4  X 


«..^3  0-'^.t0' 
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or 

'00x293  X  J23^  «  3*3  '  : 
whence  /  ■■  '000091x6629  cm. 

44.  In  a  vessel  whose  capacity  is  3  litres,  there  are  introduced  2  litres  of  hydrogen 
onder  the  pressure  of  5  atmospheres ;  3  litres  of  nitrogen  under  the  pressure  of  half  an 
atmosphere,  and  4  litres  of  carbonic  add  under  the  pressure  of  4  atmospheres.  What 
is  the  final  pressure  of  the  gas,  the  temperature  being  supposed  constant  during  the 
experiment  ? 

The  pressure  of  the  hydrogen,  from  Dalton's  law,  will  be  ?-^,  that  of  the  nitro- 

3 

gen  will  remain  unchanged,  and  that  of  the  carbonic  acid  will  be  ^  ^  ^.    Hence  the 

3 
total  pressure  will  be 

—  +  -  +  ~  ■■  9I  atmospheres. 
333 
46.  A  vessel  containing  xo  litres  of  water  is  first  exposed  in  contact  with  oiygen 
under  a  pressure  of  78  cm.  until  the  water  is  completely  saturated.  It  is  then  pkoed 
in  a  confined  space  containing  xoo  litres  of  carbonic  acid  under  a  pressure  of  79  on. 
Required  the  volumes  of  the  two  gases  when  equilibrium  is  established.  The  codfi- 
dent  of  absorption  of  oxygen  is  0*042,  and  that  of  carbonic  add  unity. 

The  volume  of  oxygen  dissolved  is  0*42.  Bdng  placed  in  caibonic  add  it  nil! 
act  as  if  it  alone  occupied  the  space  of  the  carbonic  acid,  and  its  pressure  wffl  be 

78   X   —^.-  ■■  0*326  cm. 
xoo '42 

Similarly  the  10  litres  of  water  will  dissolve  xo  litres  of  carbonic  acid  gas,  the  total 

volume  of  which  will  be  xxo,  of  which  xoo  are  in  the  gaseous  state  and  xo  are  dissolved. 

Its  pressure  is  therefore  72  x  ?^  «  65*454  cm. 
xxo 

Hence  the  total  pressure  when  equilibrium  is  established  is 
0*326  +  65*454  ■■  65-78  cm. ; 
and  the  volume  of  the  oxygen  dissolved  reduced  to  the  pressure  65*78  is 

o'**'4a  x  ^  ^-     «  0^**00208,  and  that  of  the  carbonic  acid  10  x    }  ^^  ■■  9*95. 
65*78  6578 

46.  In  a  bardmeter  which  is  immersed  in  a  deep  bath  the  mercury  stands  743 
mm.  above  the  level  of  the  bath.  The  tube  is  lowered  until  the  barometric  space. 
H'hich  contains  air,  is  reduced  to  one-third,  and  the  mercury  is  then  at  a  hdght  of  701 
mm.    Required  the  atmospheric  pressure  at  the  time  of  observation.    Ans,  ■■  764"". 

47.  What  is  the  pressure  on  the  piston  of  a  steam  boiler  of  8  dedmetres  diameter 
if  the  pressure  in  the  boiler  is  3  atmospheres  ?  Ams,  10385.85  kilos. 

48.  What  is  the  pressure  of  the  atmosphere  at  that  height  at  which  an  asoent  of  91 
metres  corresponds  to  a  diminution  of  x"^  in  the  barometric  hdght  ?  Ami,  jyS'gF". 

49.  What  would  be  the  height  of  the  atmosphere  if  its  density  were  everywhere 
aniform  ?  Ans.  7954*1  metres,  or  neariy  5  milea. 

50.  How  high  must  we  ascend  at  the  sea-level  to  produce  a  depreiiioo  of  i  mm. 
in  the  height  of  the  barometer? 

Ans.  Taking  mercury  as  10,500  times  as  heavy  as  air,  the  hdght  will  be  io'5  metres. 

51.  Mercury  is  poured  into  a  barometer  tube  so  that  it  contains  15  cc  of  air  aoder 
(he  ordinary  atmospheric  pressure.  The  tube  is  then  inverted  in  a  mercury  bath  and 
the  air  then  occupies  a  space  of  25  cc.  ;  the  mercury  occupying  a  Isdght  of  ym  mm. 
What  is  the  pressure  of  the  atmosphere  ? 

L>ct  X  be  the  amount  of  this  pressure,  the  air  in  the  upper  part  of  the  tube  %rill  have 

^  pressure  represented  by  ^,  and  this,  together  with  the  hdght  of  the  mcreiifial 
column  30a,  will  be  the  pressure  exerted  in  the  interior  of  the  tube  on  the  levd  of  the 

3S 


I  specific  gravity  ol  sea-water  being  1026,  the  depth  of  100  metrtt  will  re(>re- 
I  oohimn  of  puie  water  I03'6  metres  in  heighL    M  the  pftetNcre  of  an  Atmo- 
sphere Is  equal  to  a  pressure  of  lO'jj  metres  of  pure  vrMtit  the  pressure  of  this  columa 

"         —    —  Q»  94  flitllit 

io'33 

,  adding  the  atmospheric  pressure,  the  bladder  is  now  under  a  pfxsssurc  of  10*^ 

,  andiu  volume  being  inversely  as  the  pressure  will  be  ^      m  0*183  Uue« 

10*94 

If  the  tcmpemture  be  unaltered.    But  the  temperature  is  increased  tyy  4^,  and  Ibcsielbfe 

tlie  volume  is  increased  in  the  ratio  377  to  373.  and  becomes 

0183  x  ^^  -  018568  Utrc 
373 

90,  To  whAi  height  will  water  be  raised  in  the  tube  of  a  pump  by  the  first  stroke  of  ttie 
pbton*  the  length  of  stroke  of  which  iso'5m.,  the  height  of  the  tutje6  metres,  and  its  lection 
^  ihat  of  the  piston?    At  starting  the  air  in  the  tube  is  under  a  prcMiire  of  10  metres 

If  we  take  the  section  of  the  tube  as  unity,  that  of  the  Ijotty  of  the  pump  it  to ;  and 
the  voluioes  of  the  tube  and  of  the  body  of  the  pump  are  in  the  rntio  of  6  to  5.  'n»en 
If  «  b  the  height  to  which  the  water  it  raised  in  the  pipe,  the  volumes  of  air  in  the 
pomp  beton  and  after  the  workiiig  of  the  pump  aiv  6  at  th«  pressuro  to,  and  5  't  6  -  ^ 
at  the  pnsssure  10  ^  jr. 

Fonmng  an  equation  from  these  lenns,  and  solving,  we  have  two  value*,  m'  *»  18*  a6 

I  y  »  374,    The  6rst  of  these  must  be  rejected  as  being  phy^cally  impossible  , 

I  the  true  height  is  x  ■■  375  metrea. 

d0.  A  receiver  with  a  capacity  of  10  tiires  oontain*  air  tiod^  ttm  pfC9SUfe  76  cm. 

it  is  closed  by  a  valve,  the  lection  of  which  ia  3a  square  eentimetroi,  and  is  w«^hted 

"*    ~  t  ds  kilogrammes.    The  temperature  of  the  air  is  yP ;  its  density  at  e^  aiul  j6  cm. 

is    '    tl>at  of  water.    The  coeffideoi  ol  the  expaosloo  of  ipucs  is 000306. 
773 
E«qttired  the  weight  of  air  which  muil  be  adinittid  lo  niae  iIm  valve. 

The  air  already  present  need  not  be  taken  Into  aeoount  aa  It  is  under  the  presvne 

of  ihe  Atiaospheie.    Let  jr  be  the  presaurc  in  Geiitiai«trs»  of  nercory  of  that  which  is 

-^^  wiU  lepfcsent  in  kiiogtaaiiMi  its  piuaure  on  *  ai|iiasv  ma^ 

i ;  and  therefore  the  internal  pressme  00  the  valv«.  and  wtddt  la  ^qual  io  the  tm- 

I  ivessuie  of  as  kik^graiomcs,  is  ^L!L'3'^JL^  «  aj  k.   Ffom  wlilcb  jr  •*  57  44. 

Far  the  weiglit  we  ihat]  have 

S  ♦  000366  A  2R      7^^ 

M.  Ab^HarooDfisns  jiytttiesof air;  a^iiiiifcii 

itneotttaetsptllitheairtfifol'    The  jar  Is 

,  the  '^'*^"  wOTlwd ;  the  maeury  fiscs 

-  cvk     A  acoood  iMraaeier  stands  at  76  cm* 

'  the  expotecot.    ftettaisiBd  the  wg%|ie  of  air 

awn  torn  tte  hdl^r  and  tfae  w«fbt  of  that 

^^4^«td  j^CBL  the  wdgH  of  air  hi  the  hetl^  it 

At  <0  an!  nnikr  the  ptosun?  ?<>  —  65  the  wm^it 
ofibereiidiiitairis 

4i09Wt  X  it  ^ 
7* 
I  Ujs  n fiai 1 1I11 1  ■  ri^hfl  nf  ihif  Trhlrh  Is  i 
4^og/m  -  oS93^  -  3  5»3*i^- 
d.  Ttaa  c^oe£t7  of  iJbe  reoetver  ol  an  aj^-foai* 


f>'S93^ 
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Problems  and  Exatnpies  i 


i 


is  7 'S3 ;  it  is  full  of  air  under  ihe  ordituwy  mtmos 

quiped  the  weight  of  air  when  the  pressure  is  redi 

dtavm  hy  the  piston  ;  and  the  weight  which  would  b 

The  weight  of  7*53  litres  of  air  under  the  ordinary 

Under  a  pressure  of  o'ai  il  will  be  a  69  grammes, 

be  .»1«9  <,.,ssg^„„e. 

I  +  o'oo366  K  I  S 

6fl.  In  a  theoretically  perfect  air-pump»  how  (jreat 
if  th*  vtjlumes  of  the  barrel  and  the  receiver  or^  resp 

Atti,   *  4-55™  1 

€3.  What  must  be  the  capacity  of  the  barrel  of 
ceiver  of  4  litres  is  t<^  be  reduced  to  §  the  density  in  ti 

54.  The  reservoir  of  an  aJr-guTi,  the  capacity  of  v 
air  whose  density  is  S  times  that  of  th<;  mean  attnos 
when  the  atmospheric  pressure  is  741  mm.  and  the  fas  1 
So  cubic  inches.  What  is  the  elastic  force  of  the  resic 

65,  Suppo^  that  at  the  limit  of  the  atmosphen 

a.ir  is  the    -i—  of  a  mJlUraeire  of  mercury  and  the  \ 
1000 

place  at  the  sea-level  in  latitude  45P,  the  pressure  of 

temperature  15°  C     Determine  from  these  data  the  t 

From  the  formula  18400  1 1  +  o  ooaf  T  +  *}  [  log  ' 
83337,  ^'^if^h  is  eqt^I  to  51'!  miles. 

^,  If  water  is  continually  flowing  through  an  a 
velocity  of  lo  feet,  how  many  cubic  feet  ^ill  flow  out  i 

67.  With  what  velocity  does  water  iA&ue  from  e 
37-5  cubic  feci  flow  out  every  minute? 

6fi.  Wh^X  is  ihe  Hitio  of  the  pnessKre  in  the  abov^ 

69.  WTiat  is  the  Ihrorelical  velocity  of  water  f 
below  the  surface  of  water  ? 

TO.  In  a  cylinderp  wat^r  stands  9  feet  above  the  a 
which  presses  with  a  force  of  6  pounds  on  the  squar 
the  effluent  water. 

71.  How  deep  must  the  aperture  of  the  longer  k 
tion  of  4  squAre  centimetres,  be  below  the  surface  of 
may  flow  out  in  a  minute? 

72.  Through  a  Hrcuhr  aperture  having  an  area  < 
of  ft  reservoir  of  water  which  was  kept  at  a  consian 
it  W&s  found  that  98 '5  gmmmes  of  water  flowed  in  9 
cienl  of  efflujt. 

Since  the  telodly  of  efflux  through  an  aperture  in 
the  formula  ¥  ■  /^gh,  it  will  readily  be  seen  thai 
%v?tfch  flows  in  a  given  llmtj^  will  be  given  by  the  foi 
the  area  in  square  ceniJmetreSt  a  tlw?  cDtfficient  of  d 
the  height  in  centimetres.     Hence  in  this  case  a  ■=  O' 

73.  Similarly  thrtaugh  a  stfuare  aperti.ire.  the  area 
siirnt  as  the  aiiove,  and  al  the  same  depths  104  4  grai 
In  this  case  *  *  073* 


Sound.  (^c)j 


IV.   ON  SOUND. 

f  4.  A  stone  is  dropped  into  a  well,  and  4  seconds  afterwards  the  report  of  its 
striking  the  water  is  b»zd.  Required  the  depth,  knowing  that  the  tempemtore  of  the 
air  in  the  pit  was  10^74. 

From  the  formula  »  ■■  333  >/i  +  at  we  get  for  the  velocity  of  sound  at  the  tem- 
perature in  question  339*05  metres. 

Let  /  be  the  time  which  the  stone  occupies  in  falling ;  then  \gi^  ^  x  will  represent 
the  depth  of  the  well ;  on  the  other  hand,  the  time  occupied  by  the  report  will  be  4  —  /. 
and  the  distance  will  be  (4  —  /)  v  ■■  x^\);  thus  (4  ^  /)  v  i-  \gi^  (ii),  from  which, 
•nbstituting  the  values, 

(4  -  0  339'S  -  4*9  ^ 
i  m,  3*793  seconds,  and  substituting  this  value  in  either  of  the  equations  (i)  or  (ii). 
we  have  the  depth  ■■  72*6  metres  nearly. 

75.  A  bullet  is  fired  from  a  rifle  with  a  velocity  of  414  metres,  and  is  heard  to  strike 
a  urget  4  seconds  afterwards.  Required  the  distance  of  the  taiget  from  the  marics- 
man.  the  temperature  being  assumed  to  be  zero. 

-5    +    5    =  4;  jr  -  738a. 
414       333 

76.  At  whAt  distance  is  an  observer  from  an  echo  which  repeats  a  sound  after  3 
seconds,  the  temperature  of  the  air  being  xoP? 

In  these  3  seconds  the  sound  traverses  a  distance  of  3  x  339  ■■  1017  metres  ;  this 
distance  is  twice  that  between  the  observer  and  the  reflecting  surface ;  he&oe  the  dis- 
tance is 

!£'7  «  5085  metres. 

a 

77.  Between  a  flash  of  lightning  and  the  moment  at  which  the  corresponding 
thunder  is  first  heard,  the  interval  is  the  same  as  that  between  two  beats  of  the  pulse. 
Knowing  that  the  pulse  makes  80  beats  in  a  minute,  and  assuming  the  temperatun* 
of  the  air  to  be  15^  C.»  what  is  the  distance  of  the  discharge  ?       Ans.  454*1  metres. 

78.  A'stone  is  thrown  into  a  well  with  a  velocity  of  za  metres,  and  is  heard  to 
strike  the  water  4  seconds  afterwards.  Required  the  depth  of  the  welL 

A  MS.  About  no  metres. 

79.  What  is  the  velocity  of  sound  in  coal  gas  at  <fi,  the  density  being  0*5? 

Ams.  470*9  metres. 
What  must  be  the  temperature  of  air  in  order  that  sound  may  travel  in  it  witli 
i  velocity  as  in  hydrogen  at  oP  ?  Ams.  About  366oP  C. 

^\llat  must  be  the  temperature  of  air  in  order  that  the  velocity  of  sound  may 
be  the  same  as  in  carbonic  acid  at  oP  ?  Atis.  ^  105^5  C. 

•2.  Kendall,  in  a  North  Pole  Expedition,  found  the  velocity  of  sound  at  —40° 
was  3x4  m.  How  closely  does  this  agree  with  that  calculated  from  the  value  we  ha%e 
assumed  for  o^  ?  ^"s.  6*64  metres  too  much. 

S3.  The  report  of  a  cannon  is  heard  15  seconds  after  the  flash  is  seen.     Required 
the  disunce  of  the  cannon,  the  temperature  of  the  air  being  23^. 
From  the  formula  for  the  velocity  of  sound  we  have 

'5  ^  333  >/i  *♦■  0*003665  X  22  ■■  5190  metres. 
•4.  If  a  bell  is  struck  immediately  at  the  level  of  the  sea.  and  its  sound,  reflected 
from  the  bottom,  is  heard  3  seconds  after,  what  is  the  depth  of  the  sea  ? 

Ams.  7140  feet. 


998  Problems  and  Examples  in  Physics. 

85.  A  person  stands  150  feet  on  one  side  of  the  line  of  fire  of  a  rifle  range  450  fcft 
in  length  and  at  right  angles  to  a  point  150  feet  in  front  of  the  target.     What  is  the 

velocity  of  the  bullet  if  the  person  hears  it  strike  the  target  '  of  a  second  later  than 

9 
the  report  of  the  gun  ?    The  temperature  is  assume  to  be  16^'$.       Ans.  2038  feet 

ae.  An  echo  repeats  five  syllables,  each  of  which  requires  a  quarter  of  a  second  to 
pronounce,  and  half  a  second  elapses  between  the  time  the  last  syllable  is  heard  and 
the  first  syllable  is  repeated.  What  is  the  distance  of  the  echo,  the  temperature  of 
the  air  being  loP  C.  ?  Ans.  297-47  metres. 

87.  The  note  given  by  a  silver  wire  a  millimetre  in  diameter  and  a  metre  in 
length  being  the  middle  C,  what  is  the  tension  of  the  wire?    Density  of  silver  10*47. 

Ans.  32*67  kilogrammes. 

88.  The  density  of  iron  being  7*8  and  that  of  copper  8*8,  what  must  be  the 
thickness  of  wires  of  these  materials,  of  the  same  length  and  equally  stretched,  so  that 
they  may  give  the  same  note  ? 

From  the  formula  for  the  transverse  vibration  of  strings  we  have  for  the  numbn-  of 

vibrations  n  ■■  '-      /  —  .    As  in  the  present  case,  the  tensions,  the  length  of  the 
strings,  and  the  number  of  vibrations  are  the  same,  we  have 

1     /^--i>    /4.  from  which 'Z^.    I      A; 

whence  -,  -  '^    -  ?^  .*  hence  ""-  -      /^I?  -   1062. 
r}        d         7*8  r,        \/  78 

89.  A  wire  stretched  by  a  weight  of  13  kilos,  sounds  a  certain  note.  Whnt  must 
be  the  stretching  weight  to  produce  the  major  third  ? 

The  major  third  having  ^  the  number  of  vibrations  of  the  fundamental  nof.  .ind  a«. 
4 
all  other  things  being  the  same,  the  numbers  of  xibrations  are  directly  as  th^*  sctu'? 
roots  of  the  stretching  weight,  we  shall  have  x  ■■  20*312  kilos. 

90.  The  diameters  of  two  wires  of  the  same  length  and  material  arc  o  0015  an-! 
00038  m. ;  and  their  stretching  weights  400  and  1600  grammes  respectively.  R^^■,u:"orf 
the  ratio  of  the  numbers  of  their  vibrations.  Ans.  n  -.  n,  ^   1-266     x 

91.  A  brass  wire  i  metre  in  length  stretched  by  a  weight  of  2  kilogramme*.  .:ti  1  a 
silver  wire  of  the  same  diameter,  but  3'i65  metres  in  length,  give  the  same  num?»:  f 
vibrations.     What  is  the  stretching  weight  in  the  latter  case  ? 

Since  the  number  of  vibrations  is  equal,  we  shall  have 

J     /~^.  «   '     /Z: 

rl\/  ltd        rl,s/  ltd, 
from  which,  replacing  the  numbers,  we  get  x  »  25  kilos, 

92.  A  brass  and  a  silver  vvire  of  the  same  diameter  are  stretched  by  the  wHghi<  r! : 
and  25  kilogrammes  respectively,  and  produce  the  same  note.  What  are  th<'ir  jfrm''* 
knowing  that  the  density  of  brass  is  8*39,  and  of  silver  10*47  ? 

Ans.  The  length  of  the  silver  wre  is  3 "16  times  that  of  the  lm>v 

93.  A  copper  wire  1*25  mm.  in  diameter  and  a  platinum  one  of  075  mm.  >-*. 
stretched  by  equal  weights.  What  is  the  ratio  of  their  lengths,  if,  when  tl.o  co;  \^' 
wire  gives  the  note  C  the  platinum  gives  F  on  the  diatonic  scale  ? 

Ans.  The  length  of  the  copper  is  to  the  length  of  the  platinum   ■•   1  264      : 

94.  An  organ  pipe  gives  the  note  C  at  a  temperature  cP  ;  at  what  tf^mperr*..:^ 
will  it  yield  the  major  third  of  this  note?  An^.   i;;^  ' 

95.  A  brass  wire  a  metre  in  length,  and  stretched  by  a  weight  of  .i  kil^v^.^x-  . 
yields  th**  same  note  as  a  silver  wire  of  the  same  diameter  but  2*5  roetrrs  m  It-r.^th  \'  '■ 
stretched  by  a  weight  of  75  kilogrammes.    Required  the  specific  gravity  of  tht  >.  ^v* 

An  J.  10  cy* 

96.  How  many  beats  are  produced  in  a  second  by  two  notes,  whose  rites  of  \^i  '^■ 
tion  are  respectively  340  and  354  ?  /fw.  14 
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V.   ON  HEAT, 

9f,  Two  mercurial  ihennoinclcrs  are  consinicied  of  thtt  mtoc  gloss  ;  the  iiTtenuiI 
nclcr  of  one  of  the  bulbs  is  7*™'S  and  of  its  lube  a'5  ;  the  bulb  of  the  other  is 
Hn  diAfneter  and  its  tube  x'5.     What  is  the  ratio  of  the  length  of  a.  degree  of  the 
I  thermometer  to  a  degree  of  the  second  ? 

Let  A  And  B  be  the  two  thermometers,  D  and  D  the  diameters  of  the  btilbi,  ft&d 
<^  the  diameters  of  the  tubes.  Let  us  imagine  a  third  thermometer  C  with  the 
r  bulb  as  B  and  the  s;ime  tube  as  .4.  and  let  /,  f,  and  f*  denote  the  length  of  a 
jrc<e  in  eftch  of  the  thermometers  respectively.  Sinoe  the  stems  oi  A  wad  C 
have  the  equal  diameters,  the  lengths  /  and  f  are  directly  as  the  volumes  of  the 
tubes,  or  what  is  the  siune.  as  the  cubes  of  their  diameters;  and  as  i^and  C  have 
the  lAme  bulk,  the  lengths  /  and  r  are  inversely  proportionate  to  the  sections  of 
the   stcmi,  or  what  amounts  to  the  same»  to  the  squares  of  thdr  diameters.     We 


:i 


ithcn 

/ 

introducing  ihe  values  and  solving,  we  have 
^  -  o  638. 


a--/' 


9t,  At  what  tempemture  is  the  nurolier  on  the 
Centigrade  and  Fahrenheit  thermometers  the  same  ? 

Ans,  ~  40^* 
90.  The  same  question  for  ihc  Fahrenheit  aod 
R^ttmiir  scales.  Am,  —  35  6. 

100.  A  capillary  tube  is  divided  into  180  parts 
[  •qiial  capacity,  35  uf  which  neigh  la  gramme. 
~     t  inust  be  I  he  nidi  us  of  a  spbencal  bulb  to  lie 
to  it  no  thnt  180  divisions  correspond  to  150 
I  Centigrade? 

d5    divisona    of   the  tube  cofitaifi    t's 
t'a  K  180 


i9o  divisions  contain 


35 


-  8  64. 


tig.  4- 


And  tlace  these  180  divlssons  aiv  to  Kpreseot  150  decrees,  ibe  weight  of  aiercury 


«oncipoiuling  to  a  single  degree  U 


8-64 


But  as  the  eacpanssoci  oorrapoiKling    to 


8'6a  1 

I  dcfi«e  b  only  the  appaivnt  expansion  of  mercury  in  gla«.  the  weight     "^  is 

of  the  mercory  in  the  res*Tvolr,  which  is  ^  e^.   From  ihii  ^  •  t  '^fs%  eentlmiitrr 

tot.  By  how  much  is  the  dreumference  <d  an  iron  vhetl;  wtioae  diameter  la6  feet, 
MiGfvaved  when  its  ti^mpemtun  Is  nuaul  400  dsK^^ea?  CocAdefil  of  rcpumioo  cf 
iroA  »  o'ooooiaa.  Amt^  870090  foot* 

103.  What  must  be  the  length  of  a  wifv  of  this  n»etal  whitdi  fm  a  irmprraturc  of 
f^  etpamls  tiy  om?  foot }  Amt.  81967  feet. 

los,  A  (lenduluis  consiiti  of  a  plathntm  rcMl*  on  a  iattoiiQg  at  riip  end  of  which 
rtms  a  spherical  sine  boh.  Hie  length  of  the  plathMun  is  /  at  oP.  What  okitst  be  die 
dteipeier  of  the  bob,  so  that  its  c?ntr«  is  always  at  the  «MBe  distance  fiwi  th«  point  of 
whatever  tie  the  temperature?  Coeflkfant  of  etpaoslaa  of  platlfintii 
( and  of  sine  0*0000994. 

A  fit.  The  diameirr  of  the  bob  must  be  |  of  the  icngtli  of  Ills  platimni, 

IOC  Two  watU,  wliich  when  p'TpendicQlar  art  |o  f^t  apm.  haw  bulged   ool* 
^  to  the  extent  of  3*4  inches,    Thrf  are  to  be  made  p^fpendkakr  by  the  cotitrac- 
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tion  of  an  ition  bar.   By  how  much  roust  its  teropcmiur 
which  is  taken  at  o^? 

105.  An  iron  wire  4  sq.  mm.  in  cross  section  is  st 

weight  of  I  kilogramroe.    What  weight  raus?  be  appli 
section,  wben  it  is  heated  from  if  to  ao^,  in  order  to  pa 

106,  At  the  temperalmne  zero  a  solid  is  imroerae 
alcohol  At  the  temperature  23^  the  solid  is  wholly 
encpansioD  of  the  solid  being  o'ocxxkb5j  required  the 
alcohol 

lOT*  Into  a  glass  globe,  the  capacity  of  which  ; 
35  cc.  of  air  measured  at  <P  and  76  cm.     The  flask  bei 

required  the  internal  pressure.     CoeflEicient  of  cubical  1 

At  100^  the  capacity  of  the  flask  is  250  (  i  + 

"^     '  ^    "^  3870c 

the  free  air  under  the  pressure  76  is  as  (i  +  lOO  k  p'c 
ajo  K  ^_-  uader  a  pressure  j.     Hence 


uader  a  pressure  t. 
250  K 


1  -366.  from  wh 


lua.  The  specific  gravity  of  mercury  at  cP  bdng 
kilogrammes  at  85°.     Coefficient  of  expansion . 


Tlic  volume  at  <P  will  be 


SS30 
^    and  at  85°  -^^  x  (: 
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109.  A  hollow  copper  spbea*  20  cm*  in  diameter 
pressure  of  ]|  atmosphere  ;  what  is  the  total  presstire  * 
enclosed  air  is  baited  to  a  temperature  of  600°  ? 

110.  Between  the  hmits  of  pressure  700  to  780mm. 
o^'037S  C.  for  each  mm*  of  ptessure.  Between  what 
boiling  point  vaiy,  when  tbe  height  of  the  bafometer  is 

Anj.  Bel 

111*  Liquid  phosphorus  cooled  down  to  ^tp,  is  m: 

tu.re.     Required  to  know  if  the  solidification  will  bcco 

will  remain  melted  ?  The  melting  point  of  phosphorus 

S'4,  and  its  specific  heat  oa. 

Lei  X  be  the  weight  of  phosphorus  which  solidities ; 
qtiaiatity  of  heat  «  S'4  ^^  ■  this  is  expended  in  raising 
pbortis  from  30  10  44  a*     Hence  we  have  S"4  jt  ■«  1  3 

JIT   »      °4  _  o"5a6t  so  that  0*474  °^  phosphorus  will  r 

iia.  A  potmd  of  jce  at  0°  is  placed  in  two  pounds 
weight  of  steam  at  toc^  which  will  melt  the  ice  and  r.ii 
ture  10  3iQp»  The  Intent  heal  of  the  li[|uefaction  of  ice  if 
tion  of  water  536. 

113.  65-5  grammes  of  ice  at  —  aoP  having  been  | 
turpentine  at  33°,  llie  final  tt;mperatitre  is  found  to  I 
turpentine  is  o'4.  ajid  it  i^  conta.ined  in  a  ves^^l  weigUir 
heat  is  o'l.,    The  specific  heat  of  ioe  is  0^5.     Required 

114,  In  whar  proportion  must  water  at  a  temp 
<sp.  heat  ^  05)  at  ik  tcmi^emture  of  50^"  be  mtJied  so  il 
the  mii^tire  ai  40^?  Am.  Water  e   6  66  ki 
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115.  By  how  much  will  mercury  at  oO  be  raised  by  an  equal  volume  of  water  at 
loo^?  ^wj.  680-9  C. 

116.  The  specific  heat  of  gold  being  0*03244,  what  weight  of  it  at  45^  will  raise  a 
kilogramme  of  water  from  12^*3  to  15°  7? 

Let  X  be  the  weight  sought ;  then  x  kilogrammes  of  gold  in  sinking  from  45^  to 
15*^7  will  give  out  a  quantity  of  heat  represented  by  x  (45^  —  15^7)0*0324,  and  this  is 
equal  to  the  heat  gained  by  the  water,  that  is  to  z  (15*7  —  12*3)  ^  3*4,  that  is  4r  ^  3*58. 

117.  The  specific  heat  of  sulphide  of  copper  is  0*1212,  and  that  of  sulphide  of  silver 
0*0746.  5  kilos,  of  a  mixture  of  these  two  bodies  at  40^,  when  immersed  in  6  kilos,  of 
water  at  7*669  degrees,  raises  its  temperature  to  zoP.  How  much  of  each  ailpbuvet  did 
the  mixture  contain  ? 

The  weight  of  the  copper  sulphuret  «  2,  and  that  of  the  silver  suli^unt  3. 

118.  Into  a  mass  of  water  at  oP,  zoo  grammes  of  ice  at  —  za^  are  introduced ;  a 
weight  of  7*2  grammes  of  water  at  cP  freeses  about  the  lump  immersed,  while  its 
temperature  rises  to  zero.  Required  the  specific  heat  of  ice.  Latent  heat  of  water 
79*2.  Ans,  0*4752. 

119.  Four  pounds  of  copper  filings  at  Z30P  are  placed  in  20  pounds  of  water  at  20^, 
the  temperature  of  which  is  thereby  raised  2  degrees.  What  is  the  specific  heat,  r,  of 
copper?  Ans.  c  ■■  0*0926. 

lao.  Two  pieces  of  metal  weighing  300  and  350  grammes,  heated  to  a  temperature 
jr.  have  been  immersed,  the  former  in  940*8  grammes  of  water  at  zo^,  and  the  latter  in 
546  grammes  at  the  same  temperature.  The  temperature  in  the  first  case  rises  to  ao^. 
and  in  the  second  to  30^.  Required  the  original  temperature  and  the  specific  heat  of 
the  metal.  Ans.  x  the  temperature  ■»  z98o° ;  c  the  specific  heat  ■■  •Z038. 

121.  In  what  proportions  must  a  kilogramme  of  water  at  50^  be  divided  in  order  that 
the  heat  which  one  portion  gives  out  in  cooling  to  ice  at  sero  may  be  sufficient  to  change 
the  other  into  steam  at  zoo^  ?  Ans,  x  »  0*830. 

123.  Three  mixtures  are  formed  by  mixing  two  and  two  together,  equal  quantities 
of  ice,  sah,  and  water  at  o^.  Which  of  these  mixtures  will  have  the  highest  and  which 
the  lowest  temperature  ?  Ans,  The  mixtiuv  of  ice  and  salt  will  produce  the  lowest 
temperature,  while  that  of  ice  and  water  will  produce  no  lowering  of  temperature. 

123.  In  25*45  kilogrammes  of  water  at  Z2°'5  are  placed  6'Z7  kilos,  of  a  body  at  a 
temperature  of  80® ;  the  mixture  acquires  the  temperature  Z4®*i.  Required  the  specific 
heat  of  the  l>ody. 

If  c  is  the  specific  heat  required,  then  mc  (e  —  9)  represents  the  heat  lost  by  the  body 
in  coohng  from  80P  to  Z4®*z  ;  and  that  absorbed  by  the  water  in  rising  from  za®*5  to 
i4'^'i  is  ot'  (•  —  /).    These  two  values  are  equal.     Substituting  the  numbers,  we  have 

C     ■■    O'lOIZ. 

124.  Equal  lengths  of  the  same  thin  wire  traversed  by  the  same  electrical  current  are 
placed  respectively  in  z  kilogramme  of  water  and  in  3  kilogrammes  of  merciuy.  The 
water  is  raised  zo^  in  temperature,  by  how  much  will  the  mercury  be  raised  ? 

Ans.  zocP*04. 

125.  How  many  cubic  feet  of  air  imder  constant  presstupe  are  heated  through  z^  C. 
by  one  thermal  unit  ?  Ans.  5105  cubic  feet. 

126.  Given  two  pieces  of  metal,  one  x  weighing  2  kilos,  heated  to  80P,  and  the  othei 
Y  weighing  3  kilos,  and  at  the  temperature  yp.  To  determine  their  specific  heats 
the>'  arc  immersed  in  a  kilogramme  of  water  at  lo^,  which  is  thereby  raised  to  26^*3. 

The  experiment  is  repeated,  the  two  metals  being  at  the  temperature  zocP  and  40® 
respectively,  and,  as  before,  they  are  placed  in  a  kilogramme  of  water  at  zoP,  which 
this  time  is  raised  to  28^*4.     Required  the  specific  heats  of  the  two  metals. 

Ans.  X  m  OZ15;/  ■•  0*0555. 

127.  For  high  temperatures  the  specific  heat  of  iron  is  01053  *♦•  o*oooo7Z  /.  Wliat 
is  the  temperature  of  a  red-hot  iron  ball  weighing  a  kilogramme,  which,  plunged  in  z6 
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kilogrammes  of  water,  raises  its  temperature  from  laP  to  24^  ?    What  was  the 
rature  of  the  iron  ? 

(0*1053  +  0*000017/)  (/  —  24)  ■■  16  (24  —  la), 
or  '000017  fi  +  '1048893  /  —  2*5273  ■■  192 ; 

transposing  and  dividing  by  the  coefficient  of  fi,  we  get 
/•  +  6170/  ■■  1 1442776, 
fl  +  6170  /  +  (3085)*  —  20960001 ; 
hence  /  +  3085  -  4578*3  nearly ;    .'.  /  -  i493'3- 

128.  A  kilogramme  of  the  vapour  of  alcohol  at  80^  passes  through  a  copper  worm 
placed  in  zo'8  kilogrammes  of  water  at  id^,  the  temperature  of  which  is  thereby  raised 
to  36^.  The  copper  worm  and  copper  vessel  in  which  the  water  is  contained  weigh 
together  3  kilogrammes.    Required  the  latent  heat  of  alcohol  vapour.    Ams,  23877. 

129.  Determine  the  temperature  of  combustion  of  charcoal  in  burning  to  form  car- 
bonic acid. 

We  know  from  chemistry  that  one  part  by  weight  of  carbon  in  burning  unites 
with  2 1  parts  by  weight  of  oxygen  to  form  3I  parts  by  weight  of  carbonic  add. 
Again  the  number  of  thermal  imits  produced  by  the  combustion  of  a  pound  of  charcoal 
is  8080  ;  the  whole  of  this  heat  is  contained  in  the  3I  parts  of  carbonic  add  produced, 
and  if  its  specific  heat  were  the  same  as  that  of  water,  its  temperature  wouki  be 

■>  2204°  C. ;  but  since  the  specific  heat  of  carbonic  add  is  0*2163  that  of  an  eqcai 

31 

weight  of  water,  the  temperature  will  be  3?^-  ■>  ioi8qP  C. 
*  0*2163 

130.  A  glass  globe  measuring  60  cubic  centimetres  is  found  to  wdgh  19*515 
grammes  when  filled  with  air  under  a  pressure  of  752*3«»>"  and  at  a  temperature  of  icP  C 
Somo  ether  is  introduced  and  vaporised  at  a  temperature  of  60°,  whereupon  the  flask 
is  sealed  while  quite  full  of  vapour,  the  pressure  being  753 *4"*".  Its  weight  is  no* 
found  to  be  19*6786  grammes.  Required  the  density  of  the  ether  vapwur  companrd 
with  that  of  hydrogen.  Atu.  54-4. 

131.  Calculate  the  density  of  alcohol  vapoiu*  as  compared  with  air  by  Gay-Lussjc  < 
method  from  the  following  data  : — 

Weight  of  alcohol  0*1047  grm.;  vol.  of  vapour  at  110^  €.—82*55  cc-  :  height  of 
mercur>*  above  the  level  in  the  bath,  98  mm.  ;  barometric  height,  752*3  mm.  ;  lemprrj- 
lure  of  the  room,  15°  C.  Ams.  ic. 

132.  In  a  determination  of  the  vapour  density  by  Gay-Lussac's  method,  o  11^3 
gramme  of  substance  was  employed.  The  volume  observed  was  50*79  cc,  the  hn^\ 
of  the  mercury  above  the  level  of  that  in  the  bath  was  80  o*",  the  height  of  the  o.I 
column  reduced  to  millimetres  of  mercury  16*9;  the  temperature  215°  C,  zxA  l^' 
height  of  the  barometer  at  the  time  of  observation  755*5"".  Required  the  sp«:!>: 
gravity  of  the  vapour  as  compared  with  that  of  hydrogen.  Am.  501. 

133.  Through  a  U-tube  containing  pumice  saturated  with  sulphuric  add  a  cub.c 
metre  of  air  at  15*^  is  passed,  and  the  tube  is  found  to  weigh  3*95  grammes  mc.-r. 
Required  the  hygrometric  state  of  the  air. 

The  pressure  of  aqueous  vapour  at  15°  is  12*699;  hence  the  weight  of  a  ccir.c 
metre  of  aqueous  vapour  saturated  at  15®  is  _i^3  y-  ^2699  x  5  .    12-79  fTAnirr.f* 

(,^^p  760x8 

and  the  hygrometric  state  is  -^^    —  0*309. 
12*79 

134.  The  quantity  of  >%*ater  given  out  by  the  lungs  and  skin  m.iy  be  taken  31 
30  ounces  in  24  hours.  How  many  cubic  inches  of  air  already  half  saturated  a:  ic^  »"  • 
l>e  fully  saturated  by  the  moisture  exhaled  from  the  aboN-e  two  sources  by  one  rr-i:  ? 
Tension  of  aqueous  \'apour  in  inches -0*532.    Pressure  of  the  atmosphere  *  30  mchr' 

Ams.  328782*5  c.i.  b  a  cube  575a  feet  in  the  skdt. 
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135.  A  mass  of  air  extending  over  an  area  of  60,000  square  metres  to  a  height  of 
300  metres  has  the  dew  point  at  i^,  its  temperature  being  aoP.  How  much  rain  will 
fall  if  the  temperature  sinks  to  10^? 

The  weight  of  vapour  condensed  from  one  cubic  metre  under  these  circimistances 
will  be  3*1435  grammes,  and  therefore  from  18.000,000  cubic  metres  it  will  be  56,583 
kilogrammes,  which  is  equal  to  a  rainfall  0*0943  mm.  in  depth. 

136.  When  3  cubic  metres  of  air  at  loP  and  5  cubic  metres  at  x8°,  each  saturated 
with  aqueous  vapour  at  those  temperatures,  are  mixed  together,  is  any  water  precipi- 
tated?  And  if  so,  how  much? 

The  weight  of  water  contained  in  the  two  masses  under  the  given  conditions  are 
respectively  38'i8aiid76'59granmies ;  the  weight  required  to  saturate  the  mixture  at  the 
temperature  of  i^  is  xoa'39  grammes,  and  therefore  a '38  grammes  will  be  precipitated. 

137.  The  temperature  of  the  air  at  sunset  being  loP,  what  must  be  the  lowest  hygro- 
metric  state,  in  order  that  dew  may  be  deposited,  it  being  assumed  that  in  conse- 
quence of  nocturnal  radiation  the  temperature  of  the  ground  is  7^  below  that  of  the  air  ? 

Ans,  The  hygrometric  state  must  be  at  least  0*608  of  total  saturation. 

138.  It  is  suted  as  a  practical  rule  that  when  the  tension  of  aqueous  vapour  present 
in  the  atmosphere,  as  indicated  by  the  dew  point,  is  equal  to  x  mm.  of  merctuy,  the 
weight  of  water  present  in  a  cubic  metre  of  that  air  is  x  grammes.  What  is  the  error 
in  this  statement  for  a  pressure  of  10  mm.  and  the  temperature  i^  C.  ? 

Ans.  0*172  gr. 

139.  A  raindrop  falls  to  the  ground  from  a  height  of  a  mile ;  by  how  much  would 
its  temperature  be  raised,  assuming  that  it  imparts  no  heat  to  the  air  or  to  the 
ground  ?  Ans.  30*8  C. 

140.  A  lead  bullet  falls  through  a  height  of  10  metres ;  by  what  amount  will  its 
temperature  have  been  raised  when  it  reaches  the  ground,  if  all  the  heat  is  expended  in 
raising  the  temperature  of  the  bullet  ?  Ans.  0751^  C. 

141.  From  what  height  must  a  lead  bullet  fall  in  order  that  its  temperature  may 
be  raised  n  degrees  ?— <md  what  velocity  will  it  have  acquired  ?  It  is  assiuned  that  all  the 
heat  is  expended  in  raising  the  temperature  of  the  bullet ;  the  specific  heat  of  lead  is 
taken  at  0*0314,  and  Joule's  equivalent  in  metres  at  434.  _ 

Ans.  13*31  X  n  metres ;  v  —  a8*8  a/«. 
143.  How  much  heat  is  disengaged  if  a  bullet  vreighing  50  grammes  and  having 
a  velocity  of  50  metres  strikes  a  target  ? 

Ans.  Sufficient  to  raise  one  gramme  of  water  through  15®  C. 

143.  How  much  heat  is  produced  in  the  room  of  a  nuuiufactory  in  which  x  *a  horse- 
power of  the  motor  is  consumed  each  second  in  overcoming  the  resistance  of  friction  ? 

Ans.  A  quantity  sufficient  to  raise  41034  pounds  of  water  one  degree  Centigrade. 

144.  What  is  the  ratio  between  the  quantities  of  heat  which  are  respectively  pro- 
duced, when  a  bullet  weighing  50  grammes  and  having  a  velocity  of  500  metres, 
and  a  cannon-ball  weighing  40  kilogrammes  with  a  velocity  of  400  metres,  strike  a 
target?  Ans.  i  :  51a. 

14ft.  The  specific  heat  of  lead  is  o'03i,  and  its  latent  heat  5*37.  What  is  the 
mechanical  equivalent  of  the  heat  necessary  to  raise  5  pounds  of  lead  from  a  tempera- 
ture of  a7oP  C.  to  its  melting-point  335®  C,  and  then  to  melt  it  ? 

Ans.  51326  foot-pounds. 
146*  Asstuning  that  the  temperature  at  which  heat  leaves  a  perfect  engine  is  x^  C. 
at  what  temperature  must  it  be  taken  in  in  order  to  obtain  a  theoretical  useful  effect  of  |  ? 

Anj.  160-50  C 
147.  Assuming  that  in  a  perfect  engine  heat  is  taken  in  at  a  temperature  of  X44O, 
and  is  given  out  at  a  temperature  of  36°  :  what  is  the  greatest  theoretical  useful  effect  ? 

Ans.  o*a6i. 
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148.  How  many  candles  are  required  to  produce  at  a  distance  of  3*5  metres,  thf 
same  illuminating  ejfect  as  one  candle  at  a  distance  of  0*45  m.  ?  Atu.  31. 

149.  Two  sources  of  light  whose  intensities  are  as  x  :  a  are  two  metres  apart  \i 
what  position  is  a  space  between  them  equally  illuminated  ? 

Atu.  o'828  metre  from  the  less  intense  lighL 

150.  A  candle  sends  its  rays  vertically  against  a  plane  surface.  When  the  candle  is 
removed  to  thrice  the  distance  and  the  surface  makes  an  angle  of  6qP  with  the  original 

position,  what  is  the  ratio  of  the  illuminations  in  the  two  cases  ?  Ams,  x  :  - 

xB" 

151.  An  observer,  whose  eye  is  6  feet  above  the  ground,  stands  at  a  distaxKx  of  18 
feet  ff  om  the  near  edge  of  a  still  pond,  and  sees  there  the  image  of  the  top  of  a  tree, 
the  base  of  which  is  at  a  distance  of  xoo  yards  from  the  place  at  which  the  image  is 
formed.     Required  the  height  of  the  tree.  Anj.  xoo  feet 

152.  What  is  the  height  of  a  tower  which  casts  a  shadow  56*4  xxl  in  length  when  a 
vertical  rod  o'95  m.  in  height  produces  a  shadow  1*38  m.  in  length?  Aus.  38-1 

153.  A  minute  hole  is  made  in  the  shutter  of  a  daric  room,  and  at  a  distance  of 
a'5  metres  a  screen  is  held.  What  is  the  size  of  the  image  of  a  tree  which  is  15*3 
metres  high  and  is  at  a  distance  of  40  metres  ?  Ams,  0*95635  metre. 

154.  What  is  the  length  of  the  shadow  of  a  tree  50  feet  high  when  the  sun  is  30^ 
above  the  horizon  ?  What  when  it  is  45°,  and  60P?    Ans.  86'6  ;  50,  and  28  867  feet 

155.  Under  what  visual  angle  does  a  line  of  30 feet  appear  at  a  distance  of  x 8  feet  ? 

Aiu.  790-36. 

156.  The  apparent  diameter  of  the  moon  amounts  to  31'  3".  WTiat  is  its  real  di- 
meter if  its  distance  from  the  earth  is  taken  at  239000  geographical  miles  } 

Aru.  2x66  geographical  miles. 

157.  For  an  ordinary  eye  an  object  is  visible  with  a  moderate  illumination  and  pure 
air  under  a  visual  angle  of  40  seconds.  At  what  distance,  therefore,  can  a  black  orde 
(6  inches  in  diameter)  be  seen  on  a  white  ground  ?  Ams.  2578  fed. 

158.  At  what  distance  from  a  circle  with  a  diameter  of  out  foot  is  the  visual  angie  a 
second?  Ans.  206265  feet. 

159.  At  what  distance  would  a  circular  disc  x  inch  in  diameter,  of  the  same  bright- 
ness as  the  Sim's  surface,  illuminate  a  given  object  to  the  same  extent  as  a  vertical  son 
in  the  tropics,  the  light  absorbed  by  the  air  being  neglected  ? 

Ans.  Taking  the  sun's  angular  diameter  at  30',  jr  «  38  inches. 

160.  What  is  the  minimum  deviation  for  a  glass  prism  (it  «  x  '53),  whose  refracting 
angle  is  60°  ?  Ans.  ygP  50'. 

161.  What  is  the  minimum  deviation  for  a  prism  of  the  same  substance  when  the 
refracting  angle  is  45°  ?  Ans.  63°  38'. 

162.  The  refracting  angle  of  a  prism  of  silicate  of  lead  has  bem  found  by  measure- 
ment to  be  21°  1 2,  and  the  minimimi  deviation  to  be  24^*46.  Required  the  nrfracti\r 
index  of  the  substance.  Ams.  2122. 

163.  Construct  the  path  of  a  ray  which  falls  on  an  equiangular  cfown-gUss  prism 
at  an  angle  of  30°  ;  and  find  its  deviation.  Ans.  70^45 

164.  WTiat  are  the  angles  of  refraction  upon  a  ray  which  passes  from  air  into  gUsJ 
at  an  angle  of  40^  ;  from  air  into  water  at  an  angle  of  65^* ;  and  from  air  into  diamond 
at  an  angle  of  80°?  Ans.  25^20  ;  44® '5  ;  21^12. 

165.  The  focal  distance  of  a  concave  mirror  is  8  metres.  Wliat  is  the  distance  oi 
the  image  from  the  mirror  when  the  object  is  at  a  distance  of  X2,  5,  and  7  meirw 
respectively?  Ans.  24  ;  —  13-3  and  —  56c 
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166.  An  object  at  a  distance  of  zo  feet  produces  a  distinct  image  at  a  distance  of  3 
feet.    What  is  the  focal  distance  of  the  mirror?  Ans.  vyyj7  feet. 

167.  Required  the  focal  distance  of  a  crown-glass  meniscus,  the  radius  of  curvature 
of  the  concave  £aice  being  45  mm.,  and  that  of  the  convex  face  30  mm. ;  the  index  of 
refraction  being  i  '5.  Ans.  f  ■>  180  mm. 

168.  What  is  the  principal  focal  distance  of  a  double-convex  lens  of  diamond,  the 
radius  of  curvature  of  each  of  whose  faces  is  4  mm.,  and  the  refractive  index  of  dia- 
mond a '487?  Ans.  1*34  mm. 

160.  A  watdi-glass  with  gTx>und  edges,  the  curvature  of  which  was  4*5  cm.,  was 
filled  with  water  and  a  glass  plate  slid  over  it.  The  focus  of  the  plano-convex  leas 
thus  formed  was  found  to  be  13*5  cm.     Required  the  refractive  index  of  the  water. 

Ans,  n  mm  1*33. 

170.  What  is  the  focal  distance  of  a  double-convex  lens  when  the  distances  of  the 
image  and  object  are  respectively  5  and  36  centimetres  ?  Ans,  4*4  centimetres. 

ITl.  The  radii  of  curvature  of  a  double-convex  lens  of  crown  glass  are  six  and 
eight  inches.    What  is  the  focal  distance  ?  ^»x.  6*85  inches. 

173.  The  focal  distance  of  a  double-convex  lens  is  4  inches ;  the  radius  of  cur- 
vature of  one  of  its  faces  is  3  inches.    What  is  that  of  the  second  ?  Ans.  6  inches. 

173.  The  radius  of  curvature  of  a  plano-convex  lens  is  xa  inches.  Required  its 
focal  distance.  Ans.  24  inches. 

174.  If  the  focal  distance  of  a  double-convex  lens  is  i  centimetre,  at  what  distance 
must  a  luminous  object  be  placed  so  that  its  image  is  formed  at  2  centimetres  dis- 
tance from  the  lens  ?  Ans.  a  centimetres. 

175.  A  candle  at  a  distance  of  lao  centimetres  from  a  lens  forms  an  image  on  ,the 
other  side  of  the  lens  at  a  distance  of  900  feet.  Required  the  nature  of  the  lens  and 
its  focal  distance.  Ans.  It  is  a  convex  lens,  and  its  focal  distance  is  75  cm. 

176.  A  plano-convex  lens  was  found  to  produce  at  a  distance  of  6a  cm.  a  sharp 
image  of  an  infinitely  distant  object.  In  front  of  the  same  lens,  at  a  distance  of  84  cm., 
a  millimetre  scale  was  placed,  and  a  sharp  image  was  formed  at  a  distance  of  950  cm. 
It  was  thus  found  that  10  millimetres  in  the  object  corresponded  to  99  in  the  image. 
From  these  observations  determine  the  focal  distance  of  the  lens.  Ans.  The  mean 
oC  the  results  is  69*4. 

177.  The  image  of  a  distant  tree  was  sharply  formed  at  a  distance  of  31  cm.  from 
tbe  centre  of  a  concave  mirror. 

In  another  caue  the  image  of  an  object  18  mm.  in  length  at  a  distance  of  405  mm. 
from  the  mirror  was  formed  at  1350  mm.  from  the  mirror  and  had  a  length  of  61  mm. 
In  another  experiment  the  distances  of  object  and  image  and  the  sixe  of  the  image  were 
respectively  aaoo,  355,  and  3  mm. 

Deduce  from  these  several  data  the  focal  distance  of  the  mirror.     Ans.  31*2  ;  30'5. 

178.  What  must  be  the  radii  of  curvature  of  the  faces  of  a  lens  of  best  form  made 
oC  glass  (« i*  I  *5)  if  its  focal  distance  is  to  be  6  inches  ?    Ans.  3*5  inches  and  91  inches. 

179.  A  diffraction  grating,  with  lines  0*05  mm.  aport.  is  held  in  front  of  a  Bunsen's 
bamer  in  which  common  salt  is  volatilised,  and  when  viewed  through  a  telescope  it  is 
found  that  the  angular  distances  of  the  first,  second,  fourth,  and  sixth  bright  bands  from 
the  central  one  are  respectively  0°  41',  1°  ax',  2°  42',  and  4®  3'.  Required  the  wave- 
length of  sodium  light. 

The  formula  X  —  — ^  -' ,  where  X  is  the  wave-length,  ♦  the  angular  distance  of 

any  bright  line  of  order  n  from  the  central  one,  gives  as  the  mean  of  the  4  obser>'a- 
lions  :  Ans.  0*00059088  mm. 
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VII.    MAGNETISM  AND  FRICTIONAL  ELECTRICITY. 

180.  A  compass  needle  at  the  magnetic  equator  makes  15  oscillations  in  a  minute: 
how  many  will  it  make  in  a  place  where  the  horizontal  force  of  the  earth's  magnedsm  is 

—  as  great  ?  Am.  la. 

as 

181.  A  compass  needle  makes  9  oscillations  a  minute  under  the  influence  of  the 
earth's  magnetism  alone ;  how  many  will  it  make  when  re-magnetised  so  as  to  be 
half  as  strong  again  as  before?  Ans,  xi. 

183.  A  small  magnetic  needle  makes  100  oscillations  in  7  min.  42  sees,  under  the 
influence  of  the  earth's  force  only ;  when  the  south  pole  of  a  long  bar  magnet  A  is 
placed  10  inches  north  of  it,  it  makes  100  oscillations  in  4  min.  3  sees. ;  and  with  the 
south  pole  of  another  magnet  B  in  the  same  place,  it  makes  100  oscillations  in  4  mia. 
48  sees.    What  are  the  relative  strengths  of  the  magnets  A  and  B  ? 

Ams.  A  m.  1-404 1. 

183.  On  a  table  where  the  earth's  magnetism  is  counteracted,  the  north  pole  of  a 
compass  needle  makes  20  oscillations  in  a  minute  under  the  attraction  of  a  sooth  pok 
4  inches  distant ;  how  many  will  it  make  when  the  south  pole  is  3  inches  distant? 

Ans.  a6-6. 

184.  If  the  oscillating  magnet  be  re-magnetised  so  as  to  be  twice  as  strong  as 
before,  how  many  oscillations  in  a  minute  will  it  make  in  the  two  positions  lespectitdy? 

Ans.  a8*a8  and  50^. 

185.  At  one  end  of  a  light  glass  thread,  carefully  balanced  so  as  to  oscillate  in  a 
vertical  plane,  is  a  pith  balL  Over  this  and  in  contact  with  it  is  a  fixed  pith  ball  of  the 
same  dimensions.  Both  balls  being  charged  with  the  same  electricity  it  is  found  thai 
to  keep  them  1*4  inch  apart,  a  weight  of  '9  mgr.  must  be  placed  at  the  free  end  of  the 
glass  thread.    What  weight  must  be  placed  there  to  keep  the  balls  i  '05  inch  apart  ? 

Ans.  x'6mgr. 

186.  A  small  insulated  sphere  A  charged  with  the  quantity  of  •*•  electhdty  2  is 
at  a  distance  of  25  mm.  from  a  second  similar  sphere  B  char^Ted  >»ith  the  qtiantitr  5 : 
the  latter  is  momentarily  touched  with  an  unelectrified  sphere  b,  of  the  same  siK.  and 
the  distance  altered  to  20  mm.  What  is  the  ratio  of  the  repulsive  forces  in  the  tvo 
-cases  ?  Ams.  3a  :  25. 

187.  Two  insulated  spheres  A  and  B,  whose  diameters  are  respccti\-cly  as  7  :  10, 
have  equal  quantities  of  electricity  imparted  to  them.  In  what  ratio  are  tbdr  electncal 
•densities  ?  Ans.  xoo  :  49. 

188.  Two  such  spheres  whose  diameters  are  as  3  :  5  contain  respectively  the 
quantities  of  electricity  7  and  10.     In  what  ratio  are  their  densities  ?       Ans.  35  :  18. 

189.  Three  insulated  conducting  spheres,  A.  B,  and  C,  whose  radii  are  respecti^rlr 
I,  2.  and  3,  are  charged  with  electricity,  so  that  their  respective  potentials  are  as  3  :  a  :  i. 
and  are  then  connected  by  wires,  whose  capacity  may  be  neglected.  Wliat  b  the  tocal 
-quantity  and  potential  of  the  system  ?  ^«j.  Q  ^  xo  ;  V*  x*66. 

190.  Supposing  each  of  the  spheres  discharged  separately,  what  would  be  the  total 
work  they  would  produce,  as  compared  with  that  produced  by  the  discharge  of  the 
whole  system  ?  Ams.  30 :  25. 
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VIII.    VOLTAIC  ELECTRICITY. 

191.  A  galvanometer  offering  no  appreciable  resistance  is  connected  by  short  thick 
wires  with  the  poles  of  a  cell,  and  deflects  ao^.  By  how  much  will  it  be  deflected  if  two 
exactly  similar  cells  are  connected  with  the  first  side  by  side  ?  Atu.  47^ '5a 

193.  By  how  much  if  the  three  cells  are  connected  in  series  ?  Ams,  offi, 

193.  Two  cells  each  of  i  ohm  resistance  are  connected  in  series  by  a  wire  the 
resistance  of  which  is  also  i  ohm.  If  each  of  these  when  connected  singly  by  short 
thick  wires  to  a  galvanometer  of  no  appreciable  resistance  deflects  it  25^,  how  much 
will  the  combination  deflect  it,  the  connections  being  made  by  short  thick  wires? 

A  MS.  ij^' t6, 
A  Siemens  unit  is  equal  to  the  resistance  of  a  column  of  pure  mercury  a  metre  in 
iength  and  a  square  mm.  in  cross  section.     It  is  equal  to  0*9536  of  an  ohm  or  ba 
unit;  or  a  BA  unit  equals  1*0485  Siemens  unit,  or  equals  a  column  of  mercury  z'0485 
metre  in  length  and  a  square  mm.  in  cross  section. 

194.  A  single  thermo-electric  couple  deflects  a  galvanometer  of  100  ohms  resist- 
ance o^  30';  how  much  will  a  series  of  30  such  couples  deflect  it,  the  connections  being 
made  by  short  thick  wires  ?  Ams,  14^*40. 

195.  Suppose  a  sine  galvanometer  had  been  used  in  the  last  question,  and  the 
first  reading  had  been  0^*30',  what  would  the  second  be  ?  Ams.  15^*10. 

196.  l*he  internal  resistance  of  a  cell  is  half  an  ohm  ;  when  a  tangent  galvano- 
meter of  X  ohm  resistance  is  connected  with  it  by  short  thick  wires  it  is  deflected  15^ ; 
by  how  much  will  it  be  deflected  if  for  one  of  the  thick  ^ires  a  thin  wire  of  i^  ohm 
resistance  is  substituted?  Ams.  7^*37. 

197.  What  will  be  the  deflection  if  each  of  the  wires  is  replaced  by  a  thin  wire  of 
c|  ohm  resistance  ?  Ams.  6P  10'. 

196.  A  cell  of  one-third  of  an  ohm  resistance  deflecu  a  tangent  galvanometer  of 
unknown  resistance  45^,  the  connection  being  made  by  two  short  thick  wires.  If  a  wire 
of  3  ohms  resistance  be  substituted  for  one  of  the  short  wixes  the  deflection  is  30P.  What 
is  the  resistance  of  the  galvanometer?  Ams.  3*75  ohms. 

199.  What  would  be  the  deflection  if  for  the  cell  in  the  last  question  three  exactly 
similar  cells  in  series  were  substituted  (a)  when  the  galvanometer  atone  is  in  circuit ; 
i^)  when  both  the  galvanometer  and  the  thin  wire  are  in  circuit  ? 

Ans.  a  67^*48.  ^  -  57*'4i. 

30O.  A  galvanometer  offering  no  sensible  resistance  is  deflected  5gP  by  a  cell 
connected  with  it  by  short  thick  wires.  If  a  resistance  of  3  ohms  be  put  in  the  d^cuit, 
the  deflection  is  90°.     Find  the  internal  resistance  of  the  cclL  Ams.  1*32. 

901.  Suppose  the  results  in  the  last  question  were  produced  by  two  exactly  similar 
cells  in  series,  find  the  internal  resistance  of  each.  Ams.  0*659. 

Q02.  Supix)se  they  were  produced  by  two  exactly  similar  cells  pbced  side  by  side, 
find  the  internal  resistance  of  each.  Ams.  a '639. 

203.  If  the  resistance  of  130  yards  of  a  particular  copper  wire    '    of  an  inch  in 

xo 

diameter  is  an  ohm.  express  in  that  unit  the  resisunceof  824a  yards  of  copper  wire  — 

xa 
of  an  inch  in  diameter.  Ams.  35*66. 

304.  One  form  of  fuse  for  firing  mines  by  voltaic  electricity  consists  of  a  platinum 
M-ire  }  of  an  inch  long,  of  which  a  yard  weighs  2  grains.  Required  its  resisunce  in 
terms  of  a  Siemens  imit.  Specific  gravity  of  platinum  22,  and  its  conducting  power 
I X  25  that  of  mercury.  Ams.  o*i3X. 

205.  Elxpress  in  ohms  the  resisUnce  of  one  mile  of  copper  wire  ^  of  an  inch  in 
'diameter  of  the  same  quality  as  that  referred  to  in  203.  Ams.  0*6461. 
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206.  The  whole  resistance  of  a  copper  wire  going  round  the  earth  (24800  miks}  is 
221650  ohms.    Find  its  diameter  in  inches.  A  us  0*0738. 

207.  What  length  of  platinum  Mrire  0*05  of  an  inch  in  diameter  must  be  taken  to 
get  a  resistance  equal  to  i  ohm,  the  specific  resistance  of  platinum  being  taken  at  5*55 
that  of  copper?  Atu.  14-25  metres 

208.  660  yards  of  iron  wire  0*0625  of  an  inch  in  diameter  have  the  same  electrkai 
resistance  as  a  mile  of  copper  wire  0*04x6  of  an  inch  in  diameter.  Find  the  specific 
resistance  of  iron,  that  of  copper  being  unity.  Ams.  6-15. 

209.  Ten  exactly  similar  cells  in  series  produce  a  deflection  of  45^  in  a  tangent 
galvanometer,  the  external  resistance  of  the  circuit  being  10  ohms.  If  arranged  so 
that  there  is  a  series  of  5  celb,  of  two  abreast,  a  deflection  of  35^*42  is  produced ; 
find  the  internal  resistance  of  the  cell.  Ams.  ^  obnt 

210.  On  the  bobbins  of  the  new  Post  Office  pattern  of  a  single  needle  instruroeat 
are  coiled  225  yards  of  No.  35  copper  wire  0*0087  inch  in  diameter,  the  resistance  oi 
which  is  about  9a  ohms.  Required  the  conducting  povrer  of  the  wire  in  terms  of 
mercury.  Aws.  46. 

211.  Ten  exactly  similar  cells  each  of  |  of  an  ohm  resistance  give,  when  arranged 
in  five  series  of  2  each,  a  deflection  of  23^*57  ;  but  when  arranged  in  3  series  of  5  each 
a  deflection  of  33^*42.  Required  the  external  resistance  of  the  circuit  including  that 
of  the  galvanometer.  Ahs.  A- 

212.  A  cell  in  a  certain  circuit  deflects  a  tangent  galvanometer  18®  26' ;  two  such 
cells  abreast  in  the  same  circuit  deflect  it  23^  57' ;  two  such  cells  in  series  in  tly;  same 
circuit  diminished  by  i  ohm  deflect  it  29^*2.  Find  the  internal  resistance  of  one  cell 
cind  that  of  the  circuit.  Ans,  R  ^  r  ^  liA. 

213.  What  is  the  best  arrangement  of  6  cells,  each  of  |  of  an  ohm  resisunce. 
against  an  external  resistance  of  2  ohms  ? 

Ans.  Indifferent  whether  in  6  cells  of  i  each  or  in  3  cells  of  2  each. 

214.  What  is  the  best  arrangement  of  ao  cells,  each  of  08  ohm  resistance,  against 
an  external  resistance  of  4  ohms  ?  Ans.  xo  cells  of  2  each. 

215.  In  a  circuit  containing  a  galvanometer  and  a  voltameter,  the  current  which 
deflects  the  galvanometer  45*^  produces  xo*32  cubic  centimetres  of  mixed  gas  m  a 
minute.  The  electrodes  are  put  farther  apart,  and  the  deflection  is  now  20®  :  6nd 
how  much  gas  is  now  produced  per  minute.  Ams.  3757  cc. 

216.  100  inches  of  copper  wire  weighing  100  grains  has  a  resistance  of  01516  ohm. 
Required  the  resistance  of  50  inches  weighing  200  grains.  Ans.  001895 

217.  A  knot  of  nearly  pure  copper  wire  weighing  one  pound  has  a  resistance  of 
1200  ohms  at  15^*5  C.  ;  what  is  the  resistance  at  the  same  temperature  of  a  knot  of  ^ 
same  quality  of  wire  weighing  125  pounds?  Ams.  9-6  ohms. 

218.  Find  the  length  in  yards  of  a  wire  of  the  same  diameter  and  quality  a<  the 
knot  pound  in  217,  having  a  resistance  of  2  ohms.  Ans.  3  38  yards 

219.  Find  the  length  in  yards  of  a  wire  of  the  same  quality  and  total  resistance  as 
the  knot  pound  in  217,  but  of  three  times  the  diameter.  Ans.  18261  >-ards. 

220.  The  specific  gravity  of  platinum  is  2^  times  that  of  copper  ;  its  resisuincr  5^ 
as  gR\it.  What  length  of  platinum  wire  weighing  100  grains  has  the  same  rvsistAncf 
as  xoo  inches  of  copper  wire  also  weighing  100  grains?  Ans.  27 

221.  A  cell  with  a  resistance  of  an  ohm  is  connected  by  v*ery  short  thick  wires  with  tSe 
binding  screws  of  a  tangent  galvanometer,  the  resistance  of  which  is  half  an  ohm.  arvi 
the  deflection  is  45°  ;  if  the  screws  of  the  galvanometer  be  also  connected  at  the  sarf 
time  by  a  wire  of  i  ohm  resistance,  find  the  deflection.  Am.  fp  53 

222.  The  resistance  of  a  galvanometer  is  half  an  ohm,  and  the  deflection  »h«J 
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It  of  a  cell  is  passed  through  it  is  30P.  When  a  wire  of  2  ohms  resistance  is 
i  into  the  circuit  the  deflection  is  15^  ;  find  the  internal  resistance  of  the  ceU. 

Ans,  1*23. 
A'hen  the  current  of  a  cell,  the  resistance  of  which  is  §  of  an  ohm,  is  passed 
galvanometer  connected  with  it  by  very  short  thick  wires,  the  deflection  is 

I  the  binding  screws  are  also  connected  by  a  shunt  having  a  resistance  of  i 
lion  is  33^42.     Find  the  resistance  of  the  galvanometer.  Aru.  2. 

V  cell  whose  internal  resistance  is  2  ohms  has  its  copper  pole  connected  with 
ig  screw  A  of  a  galvanometer  formed  of  a  thick  band  of  copper.  From 
screw  B  a  wire  of  20  ohms  resistance  passes  to  the  zinc  pole,  and  the  deflection 

7^*8.  Find  the  deflection  when  B  is  at  the  same  time  connected  with  the 
by  a  second  wire  of  30  ohms  resistance.  Ans.  11° '8'. 

Aliat  would  be  the  deflection  in  212  if  the  second  wire  instead  of  passing 
the  zinc  pole  passed  directly  from  the  zinc  jx)le  to  the  copper  pole  ? 

Ans,  2  437. 

V  LecLinch^  cell  deflects  a  galvanometer  30°  when  200  ohms  resistance  are 
i  into  the  circuit,  15^  when  570  ohms  are  introduced;  a  standard  Daniell 
ts  it  30°  when  100  ohms  are  in  circuit  and  15®  when  250  additional  ohms  arc 
i.     Required  the  electromotive  force  of  the  Leclanch^  in  terms  of  that  of  the 

Ans.  I '48. 

V  Bun  sen  and  a  Daniell  cell  are  placed  in  the  same  circuit  in  the  first  case 
e  carbon  of  the  first  is  united  to  the  zinc  of  the  Daniell ;  and  in  the  second 
at  their  currents  oppose  each  other.  The  currents  are  respectively  30^*2, 
f  second  10°  6.  Recjuired  the  electromotive  force  of  the  Bunsen  in  terms  of 
11.  Ans.  1-89. 

\  telegraph  line  constructed  of  copper  wire,  a  kilometre  of  which  weighs  30*5 
nes,  is  lo  be  replaced  by  iron  wire  a  kilometre  of  which  weighs  135*6  kilo- 
In  what  ratio  does  the  resistance  alter?  Ans.  The  resistance  of  the  iron 
>e  X  18  limes  that  of  the  copper  wire  for  which  it  is  substituted. 
\  telegraph  line  which  has  previously  consisted  of  copper  wire  weighing  30*5 
ics  to  the  kilometre  is  to  be  replaced  by  an  iron  wire  of  the  same  diameter 

II  offer  the  same  resistance.  What  must  be  the  section  of  the  latter,  and 
rcight  jxT  kilometre? 

("he  section  of  the  copper  wire  is  3*4357  sq.  mm.,  that  of  the  iron  by  which 
:ed  is  20  6  si\.  mm.,  and  its  weight  per  kilometre  is  160*4  kilogrammes. 
When  ihc  poles  of  a  voltaic  cell  are  connected  by  a  conductor  of  resist- 
current  of  strength  x  32  is  produced  ;  and  when  they  are  connected  by  a 
"  of  resistance  5  the  strength  of  the  current  is  0*33.  Find  from  these  clata 
lal  resistance  and  the  electromotive  force  of  the  cell.  Ans.  ^  =  i  ^=1*76. 
A  silver  wire  is  joined  end  to  end  to  an  iron  wire  of  the  same  length,  but  of 
e  diameter,  and  six  times  the  specific  resistance  ;  the  other  ends  are  joined 
tery,  the  current  of  which  is  transmitted  for  five  minutes,  during  which  time 
antity  of  45  units  of  heat  is  generated  in  the  two  wires.  How  is  it  shared 
hem  ?  Ans.  Ag  '■  /->«  18  :  27. 

\  window  aiscment  of  iron  faces  the  south,  and  the  hinges  which  support  it 
e  east.  What  electrical  phenomena  are  observed  {a)  when  the  window  is 
nd  {b)  when  it  is  closed  ? 

Two  p<jints  135°  apart  in  a  uniform  circular  conducting  ring  are  connected 
>pposite  poles  of  a  voltaic  battery.  Compare  the  strength  of  the  current  in 
Mtions  of  the  ring. 

\  mile  of  cable  with  a  resistance  of  3*59  ohms  was  put  in  water,  with  the 
iilated  :  its  core  having  been  pricked  with  a  netrdle  the  resist.mce  tf^ted  from 
was  found  to  Ik.*  2-81  ohms.     A  l)eing  insulated,  a  test  from  B  .showctl  the 
to  be  2-76.     Required  the  disUince  from  A  to  the  injured  spot. 

Ans.  867  yards. 
3T 
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ABE 

BEL'S  electric  fuse,  794 

Aberration,       chromatic,       583  ; 
ticrical,  533 

»lule  electrical  units,  963 
lute  expansion  of  mercury,  322 
»lute  measure  of  electrical  resistance, 

4  ;  temperature,  496 

•rbent  power  of  aqueous  vapour,  985 
•rbing  power,  424 

>rption,  electrical,  748  ;  of  gases  by 
ids,  193  ;  of  gases  by  liquids,  189  ; 
heat  by  liquids,  434  ;    by  vapours, 

5  ;  heat  produced  by,  482 
leration  of  a  force,  27,  77 

jental   haloes,   627  ;   images,   626 ; 

ignetic  variations,  694 

mmodation  (of  the  eye),  620 

mulator,  hydraulic,  151 

mulators,  765 

omatism,  584 ;  of  the  microscope,  592 

omatopsy,  632 

mneter,  126 

-age,  857 

lie  lines,  698 

sties,  220-287 

Atic  foci,  237  ;  attraction  and  repul- 

n,  290 

lie  rays,  433,  573 

m  and  reaction,  39 

»ion,  86 

d  meteors,  975  ;  perspective,  618 

lites,  480 

iline,  582 

ity,  85 

'  action,  clastic,  91 

Its,  6 

lie  line,  692 

aspirating  action  of  currents  of,  207  ; 

ises  which   modify  temperature  of, 

4,   1006 ;  heating  by,  491  ;  thermo- 

■^^^t  334 ;  resistance  of,  4S ;  trap,  167 

galloons,  196  ;  chaml)cr,  217 

mmp,    200,   467  ;    Bianchi's,    203 ; 


ANT 

condensing,  209 ;  Deleuil's,  204 : 
gauges,  2CI  ;  rarefaction  in,  200 ;  re- 
ceiver of,  200 ;  Sprengel^s,  205  ;  uses 
of,  210 

Ajutage,  146 

Alarum,  electric,  897 

Alcarrazas,  373 

Alcoholic  x-alue  of  wines,  378 

Alcoholometer,  128;  Ciay-Lussac\  128; 
centesimal,  128 

Alcohol  thermometer,  306 

Alloys,  340 

Alternate  currents,  914 

Amalgam,  754 

Amalgamated  zinc,  8t6 

Amber,  723 

Amici's  camera  lucida,  603 

Ampere,  814 

Ampere's  memoria  ttchnica^  820  ;  theory 
of  magnetism,  879  ; 

Amplitude  of  vibration,  $5 

Analogous  pole,  732 

Analyser,  656 

Analysis,  spectral,  575 ;  of  solar  light,  430 

Anamorphoses,  534 

Anelcctrics,  724,  748 

Anelectrotonus,  82JJ 

Anemometer,  974,  975 

Aneroid  barometer,  187 

Angle  of  deviation,  544,  1002 ;  critical. 
540;  optic,  617;  of  polarisation,  654; 
of  reflection  and  incidence,  511,  536; 
of  repose,  39 ;  of  refraction,  536 ; 
visual,  617 

Angular  currents  laws  of,  860 ;  velocity, 

Animal  heat,  485 
Anione,  842 
Annealing,  90 
Annual  variations,  693 
Anode,  842 
Anticyclone,  980 
Antilogous  pole,  732 

3T^ 
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ANV 

Anvil,  922 

Aperiodic  fjalvanometer,  821 

Aperture  of  a  lens,  558 

Aplanatic  lenses,  5:8 

Aqueous  humour,  612 

Aqueous  vapour,  its  influence  on  climate, 
985  ;  tension  of,  355-361 

Arago's  experiment,  181 

Arbor  Dian.t,  853  ;  Satumi,  853 

Arc  lamps,  838 

Arc  of  vibration,  55  ;  voltaic,  833 

Archimedes'  principle,  113;  applied  to 
gases,  195 

Area,  unit  of,  22 

Armatures,  718;  drums,  918;  Siemens', 
914 

Arms  of  levers,  40 

Armstrong's  hydro-electric  machine,  758 

Artesian  wells,  1 1 1 

Artificial  magnets,  680 

Ascent  of  liquids  in  capillary  tubes,  132  ; 
between  surfaces,  133 

Aspirating  action  of  air  currents,  207 

Astatic  currents,  873  ;  needle  and  system, 
700 ;  circuits,  873 

Astronomical  telescope,  595 

Athermancy,  434 

Atmolysis,  190 

Atmosphere,  its  composition,  157;  crush- 
ing force  of,  1 59  ;  amount  of,  determi- 
nation of,  163  ;  electricity  in  the,  993, 

994  ;  moisture  of,  400 
Atmospheric   electricity,  causes  of,  994, 

995  ;  pressure.  158,  163,  972 
Atomic  heal,  458  ;  weight  deduced  from 

specific  heat,  458 

Atoms,  3 

Attraction,  capillary,  134;  and  repulsion 
produced  by  capillarity,  134;  mole- 
cular, 83  ;  universal,  66 

Attractions,  magnetic,  laws  of,  703 ; 
electrical,  laws  of,  734 

Atwood's  machine,  77 

Audiometer,  932 

Aura,  764 

Aurora  borealis,  694,  1002 

Aurum  musivum,  754 

Austral  pole,  6S9 

Avoirdupois,  23 

Axis  of  crj'sial,  640  ;  electric,  732  ; 
lenses,  551  ;  optic,  617  ;  of  a  magnet, 
681  ;  of  Oscillation,  79 

Azimuthal  circle,  695 

BAD  conductors,  404 
Bain's  electro-chemical  telegraph, 
895 


BIA 

Balance,  71  ;  beam  of,  72  ;  compensat- 
ing* 320  ;  delicacy  of.  73  ;  hydrostatic, 
120;  induction,  932;  knife-edge  oC 
71  ;  pendulum,  320 ;  physical  asd 
chemical,  74 ;  spring,  88  ;  torsion,  89^ 
704.  733 

Ballistic  galvanometer,  821  ;  pendoluffl, 
81 

Balloons,  195-199 ;  construction  and 
management  of,  197  ;  Coxwell's,  96 ; 
Montgolfier,  196;  weight  raised  by,  199 

Bands  of  spectrum,  576 

Barker's  mill,  149 

Barometers,  164;  aneroid,  187;  Ban- 
ten's,  167  ;  cistern,  165  ;  correctioDS 
in,  1 70  ;  determination  of  heights  by, 
178  ;  differential,  186 ;  fixed,  175 : 
Fortin's,  166;  Gay-Lussac's,  167; 
glycerine,  176;  precautions  with,  168; 
wheel,  174;  variations  of  height  of;  171 

Barometric  formula,  Laplace's,  178; 
gradients,  979;  height  of,  corrected 
for  heat,  327  ;  manometer,  1 86 ;  va- 
riations, 172 

Baroscope,  195 

Battery,  Bunsen's,  810  ;  Callan's,  Sio; 
chemical  effects  of,  841  ;  Daniell's, 
808  ;  electric,  774  ;  floating,  S65 ; 
gas,  850  ;  gravity,  812  ;  Gro%ei.  S09; 
Leclanche's,  844  ;  I^yden,  consOant, 
807  ;  charged  by  coil,  923  ;  local, 
877 ;  luminous  effects,  833  ;  magnetic, 
717;  measurement  of  charge,  777; 
I  mechanical  effects  of,  839  ;  Menoit:*v 
j  812  ;  Marie  Davy's,  Si  2  ;  postal,  877: 
secondary,  849  ;  Smee's,  81 1  ;  sulphi:t 
of  mercury,  812;  tension  of,  S15; 
thermo-electric,  944  ;  voltaic,  804. 
805  ;  Walker's,  811  ;  Wollaston's  ^05 

Beam  of  a  balance,  72  ;  of  a  stein;- 
engine,  467 

Beats,  262 

Beaumc's  hydrometer,  1 27 

Becquerel's  pyrometer,  949 ;  thenn<> 
electric  battery,  944  ;  electrical  tbcr 
mometer,  948 

Bell  of  a  trumpet,  237 

Bell's  telephone,  930  ;  pholophonc,  936 

Bellows,  243  ;  hydrostatic,  loi ;  i»^:tf. 
207 

Bennett's  electroscoiH:,  751 

Berthollct's  experiment,  18S 

Berlin's  commutator,  S70 

Bianchi's  air-pump,  203 

Biaxial  crystals,  double  refraction  -'- 
644 ;  optic  axis  of,  644 ;  rio^s  -^ 
667 
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BIF 
ation,  639 
cic.  697 
liar  vision,  621 
apparatus,  676 

's  experiments  on  latent  heat,  461 
er,  swimming,  118 
anH  tackle,  45 
-globules,  15 
:loud,  986 

s,  properties  of,  7,  1 22 
.'nl)erger*s  electroscope,  818 
,  466 
g.  350 ;  ^y  cooling,  367  ;  laws  of, 

g-point,  influence  of  dissolved  sub- 
ices  on,  365  ;  of  nature  of  vessel, 
;  of  pressure  on,  367  ;  in  a  ther- 
neter,  302  ;  measurement  of  heights 

369 

leter,  960 
's  method,  75 
1  pole,  689 

[niey's  experiment,  990 
rn)r*s  experiments,  385 
's  law,  180-182 
,  473  ;  air,  209 
ih's  hyilraulic  press,  108 
h  currents,  961 
ing  weight,  91 
K,  land  and  sea,  977 
et's  thermometer,  309  ;    magneto- 
rtrical  machine,  912 
e,  Whealstone's,  956 
b   imperial  yard,  22  ;   and  French 
[em  of  weights  and  measures,  125 
aing's  regulator,  836 

discharge,  787  ;  djiiamo-electrical 
:hine,  919 

eye,  591 

m's  filter-pump,  206  ;  l)attery,  810; 
ner,  576 ;  ice  calorimeter,  452 ; 
►tomcter,  509 

;n  and  RirchhofTs  researches,  578 
m's  barometer,  167 
mcy  of  liquids,  100 
ng  mirrors,  420 


BLK  telegraph,  886 
Ciesium,  578 

ard-Latour's    syren,    242  ;    cxpcri- 
Its  on  formation  of  va|)our,  370 
tet's  and  Ticlel's  researches,  382 
ation,  298 
is  battery,  811 
ijsccnce,  433 
ic,  448 


CHL 

Calorific  effects  of  electrical  discharge  9 
790 ;  of  current  electricity,  829,  830  ; 
of  RuhmkorflTs  coil,  923 ;  of  the  spec- 
trum, 573 

Calorimeter,  450;  Bunsen's  ice,  451  ; 
Black's,  45 1 ;  Favre  and  Silbermann's, 
463  ;  Lavoisier  and  Laplace's,  45 1 

Calorimetry,  447 

Camera  lucida,  594  ;  Amici's,  603  ;  ob- 
scura,  602  ;  Porta's  obscura,  514 ; 
Wollaston's,  603 

Campani's  eyepiece,  592 

Capacity,  err^r  of,  165  ;  electrical,  739 ; 
specific  inductive,  748 

Capillarity,  131 ;  attraction  and  repulsion 
produced  by,  134  ;  correction  for,  169 

Capillary  phenomena,  131-138;  electro- 
meter, 840 ;  tubes,  132 ;  ascent  and 
depression  in,  132  ;  between  parallel 
or  inclined  surfaces,  1 33 

Capsule,  of  the  eye,  612 

Carcel  lamp,  849 

Cardan's  suspension,  166 

Carre's  mode  of  freezing,  374  ;  dielectri- 
cal  machine,  760 

Carriage  lamps,  535 

Cartesian  diver,  116 

Cascade,  charging  by,  776 

Cathetometer,  88 

Catoptric  telescopes,  598 

Caustics,  533,  534 

Celsius*  scale,  303 

Centesimal  alcoholometer,  128 

Centigrade  scale,  303 

Centimetre,  125 

Centre,  optical,  555  ;  of  gravity,  68  ;  of 
parallel   forces,  37  ;  of  pressure,   102 

Centrifugal  force,  53 

Charge  of  a  I^eyden  jar,  penetration  of, 
773  ;  measurement  of,  787  ;  laws  of, 
778  ;  residual,  773 

Charging  by  cascade,  776 

Chatterion's  compound,  886 

Chemical  affinity,  85  ;  combination,  483  ; 
effects  of  the  Ixittery,  793  ;  decomposi- 
tion, 841  ;  of  electrical  discharge,  793; 
of  voltaic  currents,  821  ;  of  KuhmkorfTs 
coil,  923  ;  harmoniain,  278  ;  hygro- 
meter, 394  ;  properties  of  the  spectrum, 

573 
Chemistry,  i 

Chc^'allier's  microscope,  591 
Cheval-vapeur,  473 
Children's  ex|)eriment,  830 
Chimes,  electrical,  763 
Chimney,  487 
Chladni's  experiments,  284 


ChloTophanc,  655  ^ 

Chloropbylle,  580 

Chords,  major  snd  robor,  247  ;  physical 
constitution  of^  264  ;  tones  tioroiiuml 
anri  54ilxlominiint,  24S  ;  vocal,  259 

Cboroidi  61 3 

ChrooiAlic  scale,  150  ;  aberration,  585 

Chromium,  magnetic  liniit  of,  720 

Citiary  processes,  612 

Circk,  aximuthiil,  695 

Circular  polarisation,  669 

Cirrocuniulus,  9S1 

Cirrosttattts,  gfil 

Cimis,  9S1 

Cisicru  liarometerp  165 

Clamond's  thcTmo-clectric  battery,  945 

Clarke's  tnAgtirto-cJectriail  inachiiie,  91 1 

Cleavage,  eJcctricity  produced  l^,  731 

CJeTcent  and  Desorme^s  eipcrimenl,  307 

Climate.  lOoS ;  cou^ianlt  lOoS  ;  Inftuence 
of  ac|iteous  vapour  on,  98 5 

Climatology,  1004- 10  rt 

Clocks,  Si  ;  crntcll  of,  Si  ;  eJectrical,  S98 

Cioii<ls,  9B I  ;  electricity  of,  99b ;  forma- 
tion of,  0S2 

Coaliug&p  769  ;  L^yden  jar  with  movftblei 
771 

ColjaJt,  720 

Coercive  force,  6S7 

Coeitcienis  of  linear  expansion,  J 1 3* 
315,  316;  conductiWty,  404,  405 

Cohesion,  S4 

Coil,  primary,  S79  ;  RuhmkorfTs,  914  ; 
effects  produced  by,  914  ;  secondary, 

S79 

Cold,  apparent  reflection  of,  422  ;  pro- 
duced by  evaporati'^D,  37  J  1  cxfjansion 
of  gase^,  494 ;  by  nocturnal  tadLatiaUt 
495  ;  sources  of,  493 

Col  lad  on  and  Sturm^s  e^iperiment^,  $34 

Coll  eel  ing  p?atc,  779 

Collimatlfrn,  595 

Col  I  isji>n  of  Ixniits,  5S 

Colloids,  140 

Coloration  produced  by  rotatory  pciUd- 
saition,  675 

Colour,  7  ;  of  bcMlic^  592  i  of  heat,  436  j 
af  tbiu  plates,  650 

Colour  di&cs,  570 

Colour  disease,  631 

Colnirrs,  contrast  of,  ft!  J  ;  mixed,  570 ; 
simple,  566 ;  complementary,  570 ; 
jvroduceil  by  (M>lari«cd  light,  662-668  ; 
by  comprc^isi'd  gta.^,  66S 

Cambti&tion,  i&j  ■  h<fal  di^en^tced  dnf^ 

i«g;.4i^4 
iVmutMit  mu>icftl,  24^ 


Commo! 
Commiu 
Commui 

tittX 
Com  pas 

diiuilJ 


CocnpCT 

Compen 
pendu 
b^n,  : 
Compla 
Compon 
Compos 
Compou 
Com  pre 

66S 
Cotnpre! 
tSo; 
Concave 
Concert 
Concord 
Condem 
ConileiH 
Condcns 
charge 
922  ; 
CondetiS 
force, 
scope, 

395 

Ccttidiict 

7^5; 

Conduct 
ei€dc] 
ofliqy 

Conduct' 
and  ba 

753 :  ' 

CongeSal 

Conju^ 

Cumitcti 

C^MXscnv 

Convtani 

Contact 

Contract 

Convecti 

Convea 

Cooling, 
of,  4tl 
Cortis:^  e 
Cornea, 
Cornish  < 
ConiQ^ 
Corpusa 
Comlifi 


Index, 


1015 


cos 

Cosine,  law  of  the,  414,  508 

Coulomb,  964 

Coulomb's  law,  703 

Couple,  36  ;  terrestrial  magnetic,  690 ; 
voltaic,  801  ;  thermo-electric,  942 

Couronne  des  tasses,  805 

Cowpcr's  writing  telegraph,  890 

Cox  well's  balloon,  196 

Crab,  42 

Critical  angle,  540 ;  current,  920 ;  tem- 
perature, 370 

Crookes's  radiometer,  445 ;  vacuum,  446 ; 
experiments,  927 

Cross- wire,  595 

Crutch  of  a  dock,  81 

Cryohydraie,  348 

Cryophorus,  373 

Crystal,  hemihedral,  732 

Crystalline,  612 

Crystallisation^  344 

Crystalloids,  140 

Crystals,  343;  expansion  of,  315  ;  doubly 
refracting,  639,  652,  663 ;  uniaxial, 
642  ;  positive  and  negative,  643 

Cube,  Leslie's,  423 

Cumulostratus,  980 

Cumulus,  980 

Current  electricity,  800 

Currents,  action  on  currents,  862,  863  ; 
action  of  magnets,  866  ;  action  of 
earth  on,  872,  873 ;  action  on  sole- 
noids, 874,  879 ;  constant,  807  ;  di- 
vided, 961  ;  detection  and  measure- 
ment of  voltaic,  819 ;  diaphragm,  839; 
direct  and  inverse,  900,  901,  908; 
effects  of  enfeeblement  of,  806  ;  energy 
of,  920  ;  extra,  907,  908  ;  of  inclina- 
tion, 967  ;  intensity  of,  825  ;  induc- 
tion by,  900  ;  laws  of  angular,  860 ; 
laws  of  sinuous,  861  ;  local,  816 ; 
magnetisation  by,  871  ;  motion  and 
sounds  produced  by,  884  ;  muscular, 
966  ;  in  active  muscle,  969 ;  in  nerve, 
970  'r  rotation  of  magnets  by,  856 ; 
secondary,  806 ;  terrestrial,  880 ;  ther- 
mal effects  of,  830,  831 ;  transmissions 
by,  844 
Curvature  of  liquid  surfaces,  135  ;  in- 
fluence of,  on  capillary  phenomena,  136 
Curves,  magnetic,  704 

Cushions,  753 
Cyanogen  gas,  380 
Cyclones,  979 

Cylinder,  467  ;  electrical  machine,  757 
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'  Dalton's  laws  on  gases  and  vapours,  383; 
method  of  determining  the  tension  of 
aqueous  vapour,  356 

Damper,  279,  905 

Daniell's  battery,  808  ;  hygrometer,  396; 
pyrometer,  311 
,    Dark   lines  of   the  spectrum,    574;    of 
I        solar  spectrum,  579 
'    Davy's  battery,  81 2 

Davy's  experiment,  421 
I    Day,  apparent,  21 

Deadbeat  galvanometer,  821 
'    Decimetre,  24,  125 

Declination  compass,  695 ;  errors  of, 
696 ;  magnetic,  691  ;  of  needle,  691 ; 
variations  in,  691  ;  of  a  star,  600 

Decomposition,  chemical,  841  ;  of  white 
light,  564  ;  of  salts,  843 

Deflagrator,  Hare's,  805,  829 

Degrees  of  a  thermometer,  303 

De  la  Rive's  floating  battery,  867;  ex- 
periments, 928 

De  la  Rue  and  M  tiller's  experiments,  926 

Deleuil's  air-pump,  204 

Delezenne's  circle,  906 

Delicacy  of  balance,  73 ;  of  thermo- 
meter, 307 

Densimeter,  130 

Density,  24  ;  of  the  earth,  67  ;  electric, 
736,  gravimetrical,  185  ;  of  gases,  335- 
337;  maximum  of  water,  330 ;  of 
vapours,  Gay-Lussac's  method,  386  ; 
Dumas's,  388  ;  Deville  and  Troost's, 
388  ;  Hofmann's,  387 

Depolarisation,  665 

Depolarising  plate,  663 

Depression  of  liquids  in  capillary  tube, 
132  ;  l)ctween  surfaces,  133 

Derived  currents,  961 

Descartes'  laws  of  refraction,  537 

Despretz's  experiment,  404 

Developer,  609 

Deviation,  angle  of,  544 

Deville  and  Troost's  method,  388 

Dew,  987 ;  point,  395 

Diabetic  urine,  analysis  of,  678 

Dial  telegraphs,  888 

Dialyser,  140 

Dialysis,  140 

Diamagnctism,  938 

Diapason,  257 

Diaphanous  bodies,  500 

Diaphragm,  591  ;  currents,  839 

Diathermancy,  434 
,    Diatonic  scale,  248 

Dielcctrical  machine,  Carre's,  760 

Dielectric  polarisation,  747 
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Dielectrics,  748 
Differential  barometer,  186 
Differential  galvanometer,  821  ;  thenno- 
meter,    Leslie's,    308 ;    Matthiessen's, 
308 ;  tone,  263 
Diffraction,  503  ;   spectra,  648  ;  fringes, 

646 
Diffusion  of  heat,  437  ;  of  liquids,  140 
Digester,  Papin's,  371 
Dionoea  muscipula,  827 
Dioptric  telescopes,  598 
Diplopy,  631 
Dip,  magnetic,  698 
Dipping  needle,  698 
Direct  Vision  Spectroscope,  511 
Disc,  Newton's,  567  ;  Maxwell's  colour, 

570 
Discharge,  electrical,  766  ;  effects  of  the, 
783  ;  lateral,  looi  ;  silent,   793,  slow 
and  instantaneous,  766  ;  univerial,  775 
Discharging  rod,  766 
Dispersion,  544  ;  abnormal,  581 
Dispersive  |X)wer,  564 
Displacement,  46 
Dissipation  of  energy,  498 
Dissociation,  389 

Distance,  estimation  of,  618;  adaptation 

of  eye  to,  620 
Distillation,  376 

Distribution  of  free  electricity,  735  ;  of 
magnetism,  722 ;  of  temperature, 
1009  ;  of  land  and  water,  loi  i 

Diurnal  variations,  693 

Diver,  Cartesian,  116 

Divided  currents,  961 

Dividintj  machine,  1 1 

Divisibility,  7,  12 

Dbbereincr's  lamp,  482 

Dominant  chords,  248 

Dopplor's  principle,  233 

Double-action  steam-engine,  467,  468 

Double  refraction,  652 

Double-weighing,  75 

Doublet,  Wollaston,  586 

Dove's  law  of  storms,  978 

Draught  of  tirc-places,  488 

Dredgmi,'  machines,  150 

Driving  wheels,  470 

Drum  armature,  918 

Drumniond's  light,  606 

Dry  piles,  Si 7 

Dubosc(i's  microscope,   606  ;    regulator, 

835 

Ductility,  7,  92 

Duhamel\  j^i.iph'c  method,  245 
Dulong    and     Arai^o's    experiments    on 
Boyle's   law,    iSi  ;    melhiHl   of  deler- 


BLE 
mining  the  tension  of  aqueous  N-apocr, 

357 
Dulong  and  Petit's  determination  <>f  t\- 

solute    expansion    of    mercurj-,   3::. 

method  of  cooling,  455  ;  law,  45S 
Dumas's    method    for    vapour    denNitT. 

388 
Duplex  telegraphy,  893 
Duration  of  electric  spark,  795 
Dutroche's  endosmometer,  139 
Dynamical  theorj*  of  heat,  429 
Dynamic  radiation  and  absorption,  442 
Dynamo-electrical  machine,  9i6-9ii> 
Dynamo-magnetic  machine,  916 
Dynamometer,  90 


EAR,  the,  7,  260 
Ear  trumpet,  239 

Eamshaw  on  velocity  cf  sound,  230 

Earth,  density  of,  67  ;  its  aaioQ  oa 
currents,  87 1-873  J  action  of  solenoid^ 
878  ;  current,  894  ;  flattening  oC  by 
rotation,  82  ;  magnetic  poles  «>f  the 
698  ;  magnetisation  by,  714 

Earth's  magnetism,  701 

Ebullition,  350  ;  laws  of,  363 

Eccentric,  467,  468 

Echelon  lenses,  607 

Echoes,  237  ;  monosyllabic,  iri>yiLab.c, 
multiple,  237 

Edelmann's  hygrometer,  394 

Edison's  lamp,  838  ;  phonogriph,  291 . 
tasimeter,  933  ;  telephone,  934 

Effluvium  electrical,  793 

Efflux,  velocity  of,  142  ;  quantity  ^»l. 
145  ;  influence  of  tubes  on.  140 

Effusion  of  gases,  191 

Elastic  bodies,  58  ;  after  action.  91 

Elastic  force,  152  ;  of  vajx>ur%  351 

Elasticity,  7,  17;  limit  of,  I7.'s^;  f 
traction,  88  ;  modulus  of,  SS  .  «'t"  t.r 
sion,  89  ;  of  flexure,  90 

Electric  alarum,  897  ;  axis,  732  :  lane'- 
ies,  774,  789 ;  candles,  8 38  ;  ckarp: 
778  ;  chimes,  763  ;  clocks,  S<>S  ;  den- 
sity, 736  ;  discharge,  783  ;  ^^^,  '>^ 
fish,  971  ;  fuse,  794  ;  glow.  7S7  ;  U".  ;^ 
838;  light,  831-833  :  stratiricaiK'a  * 
the,  924  ;  lighting,  SjS ;  j»cn.lalj2. 
724;  pistol,  703;  po?es  732  ;  roi'--- 
773;  shock,  770,  785;  s^vuk,  ;c:; 
telegraphs,  886-899  I  icn>K>n,  750 . 
whirl,  764;  tube,  789 

Electrical  attiaction>  and  re;  u'>:  :^ 
734  ;  endosmose,  839 ;  poteniia!,  'p 
capacity,   739  ;  measurement  oi,  7P 
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resistance,  unit  of,  954 ;  conductivity, 
958  ;  quantity,  733  ;  units,  963 

Electrical  machines,  752-761  ;  precau- 
tions in,  754 

Electricity,  6,  723 ;  application  of,  to 
medicine,  972 ;  atmospheric,  992- 
1001  ;  contact  theory,  799  ;  current, 
800 ;  communication  of,  749 ;  de- 
velopment of,  by  friction,  724 ;  by 
pressure  and  cleavage,  731  ;  distribu- 
tion of,  735  :  dynamical,  797-961  ; 
disengagement  of,  in  chemical  actions, 
793-799;    friclional,    730;     loss    of, 

743  ;  mechanical  effects,  792  ;  power 
of  points,  742  ;  produced  by  induction, 

744  ;  velocity  of,  796 ;  theories  of, 
728  ;  work  required  for  production  of, 
761 

Electrified  bodies,  motion  of,  729,  750 

Electro- capillary  phenomena,  840 

Electrochemical  equivalent,  844 ;  tele- 
graph, 895  ;  series,  842 

Electrodes,  803  ;  polarisation  of,  806 

Electrodynamics,  858 

Eleclrodynamometer,  962 

Elect ro^ilding,  855 

Electrolysis,  842  ;  laws  of,  846 

Electrolyte,  842 

Electrolytic  convection,  832 

Electromagnetic  force,  883 ;  machines, 
899  ;  units,  963 

Electromagnets,  880,  884 

Elect rometallurg)',  854,  855 

Electrometer,  751  ;  Lane's,  777  ;  quad- 
rant, 756  ;  Thomson's,  780 

Electromotive  series,  801  ;  force,  802, 
814,  825,  959  ;  determination  of,  959  ; 
force  of  elements,  814 

Electromotor,  886 

Elect rophorus,  752 

Elcctropyrometer,  949 

Electroscope,  724  ;  Bohnenberger's,  8f8 ; 
Vol ta*s  condensing,  779  ;  gold  leaf,  751 

Elect  rosilvering,  856 

Electrostatic  units,  963 

Electrotonus,  828 

Elements,  electronegative  and  electro- 
positive, 842 

Elliptical  )x>Iarisation,  672 

Emergent  rays,  542 

Emission  theory,  499 

Emissive  power,  425 

Endosmometer,  135 

Endosmose,  1 39  ;  electrical,  839 ;  of 
gases,  190 

Eodosmotic  equivalent,  139 

I^crgy,  62  ;  conservation  of,  65  ;  dissi- 
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pation  of,  498  ;  transformations  of,  64  ; 
varieties  of,  63 

Engines,  gas,  476  ;  steam,  465  ;  double- 
action,  467  ;  low  and  high  pressure, 
471  ;  single  action,  469  ;  locomotive, 
470 ;  fire,  219  ;  transformation  of,  64 ; 
Cornish,  467 ;  horizontal,  468  ;  work 
of,  472  ;  heat,  474  ;  hot  air,  475 

Equator,  681  ;  magnetic,  698 

Equilibrium  of  forces,  35  ;  of  Boating 
bodies,  115  ;  of  heavy  bodies,  69  ;  of 
liquids,  106,  107  ;  mobile  of  tempera- 
ture, 414  ;  neutral,  70  ;  stable,  70  ; 
unstable,  70 

Equivalent,  electrochemical,  846 ;  en- 
dosmotic,   139  ;  conductors,  955 

Escapement,  81  ;  wheel,  81 

Ether,  429  ;  luminifcrous,  499 

Eustachian  tube,  260 

Evaporation,  350 ;  causes  which  accele- 
rate it,  362  ;  cold  due  to,  373  ;  latent 
heat  of,  372 

Evaporation  and  ebullition,  364 

Exchanges,  theory  of,  415 

Exhaustion,  produced  by  air-pump,  203  ; 
by  Sprengel's  pump,  205 

Exosmose,  139 

Expanded  wave,  225 

Expansibility  of  gases,  147 

Expansion,  296  ;  apparent  and  real,  321  ; 
absolute,  of  mercury,  322  ;  apparent, 
of  mercury,  323  ;  of  liquids,  326  ;  of 
solids,  313;  ofgases,  331-333  ;  linear 
and  cubical,  coefficients  of,  313  ; 
measurement  of  linear,  314  ;  of  cr>'stals, 
318;   applications  of,   319 ;    force  of, 

329 

Expansion  of  gases,  cold  produced  by, 
494  ;  problems  on,  332 

Expansive  force  of  ice,  346 

Experiment,  Berthollct's,  188  ;  Frank- 
lin's, 368  ;  Florentine,  97  ;  Pascal's, 
162  ;  Torricellian,  161 

Extension,  7,  9 

Extra  current,  907,  908  ;  direct,  908 ; 
inverse,  908 

Eye,  612  ;  accommoclation  of,  620;  not 
achromatic,  628;  refractive  indices  of 
media  of,  613;  path  of  rays  in,  615; 
dimensions  of  various  parts  of,  614 

Eye-glass,  544,  630  ;  lens,  592  ;  piece, 
583.  590f  592  ;  Campanib,  592 


FAllkENHKIT'S  hydrometer,  123; 
scale,  303 
Falling  bodies  laws  of,  76 
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Farad,  964 

Faraday's  experiments,  745  ;  wheel,  625  ; 
theory  of  induction,  747  ;  voltameter, 
846 

Favre  and  Silbermann*s  calorimeter, 
463  ;  determination  of  heat  of  com- 
bustion, 483 

Fibres,  Corti*s,  260 

Field  lens  and  glass,  592 

Field  magnets,  915 

Field  of  a  microscope,  591  ;  of  view, 
593  ;  magnetic,  707 

Figures,  Lichtenberg's,  772 

Filter-pump,  206 

Finder,  595 

Fire-engine,  219  ;  -places,  487  ;  -works, 
149 

Fish,  electrical,  971 

Fishes,  swimming  bladder  of,  117 

Fizeau's  experiments,  316,  507 

Flag  signals,  887 

Flame,  483 

Flask,  specific  gravity,  121 

Flattening  of  the  earth,  82 

Flexure,  elasticity  of,  90 

Float,  466 

Floating  bodies,  115 

Florentine  experiment,  13,  97 

Fluid,  4  ;  imponderable,  6  ;  elastic,  152  ; 
magnetic,  683 

Fluidity,  7 

Fluorescence,  582 

Flute,  280 

Fluxes,  340 

Fly-wheel,  467 

Focal  distance,  419 

Foci,  acoustic,  237  ;  magnetic,  701  ;  of 
convex  mirrors,  526  ;  in  double  convex 
lenses,  552 

Focus,  419,  525  ;  conjugate,  determina- 
tion of  the  principle,  527  ;  of  a  sphe- 
rical concave  mirror,  525,  552 

Focussing  the  microscope,  587,  591 

Fogs,  980 

Foot,  22 

Foot-pound,  59,  473 

Force,  26  ;  acceleration  of,  77  ;  centri- 
fugal, 53  ;  conservation  of,  65  ;  coer- 
cive, 687  ;  direction  of,  30 ;  elastic, 
of  gases,  152  ;  lines  of  magnetic,  707  ; 
of  expansion  and  contraction,  319; 
electromotive,  802,  814  ;  representation 
of»  30  ;  parallelogram  of,  '^'^  ;  of  liquids, 
329  ;  portative,  719 

Foices,  6;  along  the  same  line,  31  ; 
equilibrium  of,  38  ;  impulsive,  60  ; 
magnetic,    708  ;   molecular,  83  ;  mo- 
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ments  of,  38  ;  polygon  of,  35  ;  triangle 

of,  35 

Formulae  for  expansion,  318  ;  barome- 
tric, 178 ;  for  sound,  231  ;  for  spberi- 
cal  mirrors,  530,  531  ;  for  lenses,  559 

Forlin's  barometer,  166 

Foucault's  currents,  929  ;  determinatioo 
of  velocity  of  light,  506 ;  cxperimcn's 

834,929 

Fountain  in  vacuo,  210  ;  at  Giggleswick, 
i        214  ;  intermittent,  212  ;  Hero's,  211 
I    Fovea  centralis,  6t2 
!    Franklin's  experiment,  368,  992 ;  pli'e, 
I        76$  ;  theory  of  electricity,  728 

Fraunhofer's  lines,  574,  575 
;    Freezing,  apparatus  for,  374 
:    Freezing  mixtures,  347,  348  ;  pwim  in  a 
thermometer,  302 

French  weights  and  measures,  123; 
boiler,  466 

Fresnel's    experiment um     cmds,    645; 
rhomb,  671 
'    Friction,  26,  47  ;  heat  of;  477 ;  h\-dnn- 
lie,   146  ;  internal,  of  gases,  446 ;  de* 
I        velopment  of  electricity  by,  720 
I    Friction  wheels,  77 
,    Frigorific  rays,  422 

Fringes,  646 

Frog,  rheoscopic,  968 

Frost,  987 
i    Frozen  laercury,  373,  380,  384 

Fulcrum,  44 

Fulgurites,  999 

Fulminating  pane,  769 

Furnace,  electrical,  821 

Fuse,  Al:>ers,  794 ;  Chatham,  S29,  S30 

Fusing  point,  338 

Fusion,  lav^-s    of,    338  ;    vitreous,   33S 
latent  heat  of,  461  ;  of  ice,  450 


GALILEAN  telescope.  597 
Galleries,  whispering,  237 

Gallium,  578 

Gallon,  125 

Galvani's  experiment,  797 

Galvanometer,  821;  differential,  S21 : 
Sir  \V.  Thomson's,  822 

Galvanoscope,  821 

Galvano-thermometer,  830 

Gas  battery,  850  ;  engines,  476 

Gases,  absorption  of,  by  liquids  1^9 ; 
by  solids,  193  ;  by  vapours.  435/ 
application  of  Archimedes'  principi' 
to,  195  ;  cold  produced  by  expan$n« 
of,  494;  compressibility  of.  154,  iSo: 
condensed,  193,  209  ;  conductirity  «jt 
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409;  diamagnetism  of,  937;  density 
o'i  335-337 ;  dynamical  theory  of, 
293;  expansion  of,  153,  331-334; 
endosmose  of,  190 ;  effusion,  191  ; 
transpiration  of,  192 ;  Gay-Lussac's 
method,  331  ;  index  of  refraction  of, 
550 ;  laws  of  mixture  of,  x88 ;  and 
vapours,  mixtures  of,  383  ;  permanent, 
380;  problems  in,  332,  383;  lique- 
faction of,  380  ;  physical  properties  of, 
152  ;  pressure  exerted  by,  156  ;  radia- 
tion of,  441 ;  Regnault's  method,  336  ; 
specific  heat  of,  460 ;  velocity  of  sound 
in,  230,  231,  232  ;  viscosity  of,  446 ; 
weight  of,  155 

Gaseous  state,  4 

Gassiott*s  battery,  815 

Gauge,  air-pump,  201  ;  rain,  983 

Gay-Lussac's  alcoholometer,  128;  baro- 
meter, 167  ;  determination  and  expan- 
sion of  gases,  331  ;  of  vapour-density, 
385  ;  stopcock,  382 

Geissler's  tulles,  205,  578,  925 

Generating  plate,  801 

Geographical  meridian,  691 

Geometrical  shadows,  503 

Gifiard*s  injector,  207 

Gilding  metal,  855 

Gimbals,  697 

Glacial  pole,  1009 

Glaciers,  991 

Glashier*s  balloon  ascents,  196  ;  factors, 
398 

Gla<»s  compressed,  668  ;  expansion  of, 
325  ;  magnifying,  583  ;  object,  590 ; 
opera,  597  ;  unannoded,  668 

Gla.s»es,  periscopic,  629 ;  weather,  174 

Glol>c  lightning,  997 

Glow,  electrical,  787 ;  worm,  635 

Glycerine  barometer,  176 

Gold-leaf  electroscope,  751 

Goldschmid*s  aneroid,  182 

Goniometers,  534 

Good  conductors,  404 

Governor,  468 

Gradient,  barometric,  978 

Gramme,  24,  125 

Gramme's    magneto-electrical    machine, 

917 

Graphic  method,  Duhamel's,  245  ;  Fos- 
ter's, 831 

Graphite,  810 

Gratings,  647 

Gravesand's  ring,  295 

Gravimetrical  density,  185 

Gravitation,  6,  82 ;  terrestrial,  67  ;  ac- 
celerative  effect  of,  27 
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Gravity,  battery,  8x2 
Gravity,  centre  of,  68 
Gregorian  telescope,  599 
Gridiron  pendulum,  320 
Grimaldi*s  experiment,  645 
Grotthiiss*  hypothesis,  845 
Grove's  battery,  809  ;  gas,  850 
Guericke's  air- pump,  200 
Gulf  Stream,  1006 
Guthrie's  researches,  348 


HADLEY'S  reflecting  sexunt,  521 
Hail,  989, 

Hair  hygrometer,  399 

Haldat's  apparatus,  loi 

Hall's  experiment,  881 

Hallstrom's  experiments,  329 

Haloes,  627,  981 

Hammer,  279,  922 

Hardening,  90 

Hardness,  7  ;  scale  of,  93 

Hare's  deflagralor,  805,  829,  830 

Harmonicon,  chemical,  278 

Harmonics,  254,  273 

Harmonic  triad,  247  ;  grave,  263 

Harp,  281 

Harris's  unit  jar,  778 

Heat,  292  ;  animal,  485  ;  absorption  of, 
by  vapours,  &c.,  435,  439;  atomic, 
458  ;  conduction  of,  403 ;  diffusion  of, 
437 ;  developed  by  induction,  929  ; 
dynamical  theory  of,  429 ;  hypothesis 
on,  292  ;  influence  of  the  nature  of^ 
435 1  latent,  341  ;  mechanical  equi- 
valent of,  497  ;  polarisation  of,  679  ; 
produced  by  absorption  and  imbibi- 
tion, 482  ;  radiated,  403 ;  radiant, 
411,  446a;  reflection  of,  4I8  ;  scat- 
tered, 424 ;  sources  of,  477-496 ; 
specific,  448,  454-460;  transmission 
of,  403  ;  terrestrial,  481 

Heaters,  466 

Heating,  486 ;  by  steam,  490 ;  by  hot 
air,  491  ;  by  hot  water,  492 

Height  of  barometer,  165  ;  variations 
in,  171 

Heights  of  places,  determination  of,  by 
Kirometer,  178,  179;  by  lx)iling  point, 

369 

Heliogiaph,  523 

Heliostat,  534 

Helix,  45,  882 

Helmh<»Ii//s  analysis  of  sound,  255  ;  re- 
searches, 258 

Hcmihcdral  crystal,  732 

Hemispheres,  Magdeburg,  160 
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HEN 

Henley's  electrometer,  756 ;  discharger, 
792 

Henry's  experiment,  909 

Herepath's  salt,  656 

Hero's  fountain,  21 1 

Herschelian  rays,  430  ;  telescope,  601 

Him's  expcrimenu,  474 

Hoar-frost,  987 

Hofmann's  density  of  vapours,  387 

Holmes's  magneto-electrical  machine,  91 3 

Holtz's  electrical  machine,  759 

Homogeneous  light,  572  ;  medium,  502 

Hope's  experiments,  330 

Horizontal  line,  67  ;  plane,  67 

Horse-power,  472 

Hot-air  engines,  475,  491 

Hotness,  297 

Hot- water,  heating  by,  492 

Hour,  21 

Howard's  nomenclature  of  clouds,  981 

Hughes's  microphone,  931  ;  induction 
balance,  932 

Humour,  aqueous,  612 

Huyghen's  i)aromeier,  177 

Hyaloid  membrane,  612 

Hydraulic  press,  108  ;  engine,  151  ;  fric- 
tion, 146;  ram,  150;  tourniquet,  149 

Hydraulics,  95 

Hydrodynamics,  \^l 

Hydro-electric  machine,  758  ;   currents, 

939 

Hydrometers,  1 19;  Nicholson's,  120; 
Fahrenheit's,  123  ;  with  variable 
volume,  126;  Beaume's,  127;  of  con- 
stant volume,  126  ;  specific  gravities, 
119;  uses  of  tables  of,  125 

Hydrostatic  bellows,  loi  ;  paradox,  103  ; 
balance,  120 

Hydrostatics,  95 -98 

Hygrometers,  393  ;  of  absorption,  399  ; 
chemical,  394 ;  condensing,  395  ; 
DanielPs,  396  ;  wet-bulb,  398;  Mason's, 
39S  ;   Kei;;nauli's,  397 

Hygrometric  slate,  392  ;  substances,  391 

Hygrometr>',  391  ;  problem  on,  401 

Hygroscope,  399 

Hypoiht'Nis,  5 

Hypsomeler,  369 


ICE,  990;  method  of  fusion  of,  450 
Ice    calorimeter,     450  ;     Bunsen's, 
451;  expansive    force    of,    346;    ma- 
chine, 494 
Iceland  spar,  659 
Mioelectrics,  724. 
Ima^e  and  object,  magnitudes  of,  561 


INT 

Images,  accidentxU,  626  ;  condition  of 
distinctness  of,  587  ;  formation  of,  in 
concave  mirrors,  528  ;  in  convex  mir- 
rors, 529;  in  plane  mirrors,  513;  of 
multiple,  516;  magnitude  of,  532; 
produced  by  small  apertures,  504; 
virtual  and  real,  514 ;  inversion  of,  616 

Imbibition,  193  ;  heat  produced  by,  4S2 

Impenetrability,  7 

Imperial  Britivh  yard,  22 

Imponderable  matter,  6 

Impulsive  forces,  57 

Incandescent  lamps,  838 

Inch,  125 

Incident  ray,  536 

Inclination,  708  ;  compass,  698 

Inclined  plane,  43  ;  motion  on,  50 

Index  of  refraction,  538  ;  measuremeot 
of,  in  solids,  548 ;  in  liquids,  549 ;  in 
gases,  550 

Indicator,  473,  886,  888,  S89 

Indices,  refractive,  table  01,  550 

Indium,  57S 

Induced  currents,  9cx>-9ii 

Induction,  apparatus  founded  on,  911 ; 
balance,  932  ;  by  the  earth,  905 ;  Jjy 
currents,  900  ;  of  a  current  on  itsclt, 
907  ;  electrical.  744  ;  in  tclegrr^'h 
cables,  891  ;  limit  to,  746;  Farjiiay* 
theory  of,  747  ;  heat  (ievel«»peJ  l?* 
929;  bymngnets.  004;  magnei.c,  l>So; 
vertical,  715 

Inductive  capacity,  .>pe.^:nc,  74S 

Inductorium,  921 

Inelastic  bodies,  58 

Inertia,  19  ;  applications  of,  20 

Influence,  magnet:c,  6S6 ;  electrical,  744 

Ingenhaus's  cxi^^erimen*.  404 

Injector,  CiitVartrs,  207 

Insects,  souiivls  pr-nluce-l  by,  242 

Insolation,  635,  d^o 

Instruments,  optical,  5S5 ;  j-'lanMSg, 
656;  mouth,  271':  rce.!,  272; 
strini;ed,  279:  \\'\i\\,  270.  2S0 

Insulating  Ixviics,  720;  sxkI,  762 

Insulators,  725 

Intensity  of  the  current,  S25  ;  of  'J* 
electric  light,  837  ;  illuniir..:iii.in,  50^: 
of  reflected  light.  519  ;  of  a  mu-jct 
tone,  246  ;  of  radiant  heat,  414 :  i< 
sound,  causes  which  inr'.ucnce,  22^: 
of  terrestrial  mai;r.c!is:n,  701  ;  of  Iff- 
rcstrial  gra\ily,  S2 

Interference  »>f  li^hi,  045  ;  o\  >.^umi,  201 

Intermittent  f«iuntain,  212  ;  >:'rings  'M- 
syphon,  214 

Interpt^lar,  S25 
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INT 

als,  musical,  247 
olar  region,  828 
ion  of  images,  616 

842 
•12 

passive   state  of,   851  ;   electrical 
osition  of,  857 
hips,  magnetism  of,  715 
ation,  627 
liar  reflection,  518 

•s.  979 

menal  line,  1007 

ijc  lines,  698 

lamic  lines,  701 

>thermic  lines,  1007 

lie  lines,  692 

ral  lines,  1007 

;rmal  lines,  1007  ;  zone,  IO07 


ILOCHKOFF  candle,  838 
[acobi*s  unit,  846,  952 

Leydcn,  770-780 
iminous,  785  ;  Harris's  unit,  778 
itcral,   143  ;  height  of,   144 ;  form 

148 

;  spring  balance,  88 
i*s  barometer,  1 76 
t  exiK'rimcnt  on  heat  and   work, 
;  equivalent,  497 

r.  505 

i  bws  of  capillarity,  132 


VLEIDOPHONE,  625 
Ka'cidoscope,  516 

in.  977 

's  (>en'lulum,  82 

lect  rot  onus,  828 

Kle,  842 

ne,  842 

rrs.  718 

\  electro-optical  experiments,  937 

S87,  906.  912,  922  ;  note,  249 

layer's  amalgam,  754 

ramme,  24,  125 

rammetre,  473 

ic  energy,  62 

Tslcy's  thermometer,  792 

i  ice  machine,  494 

•edge,  71 

'5    apjaratus,     256  ;     manometric 

les,  288 

gl's  machine,  899 

»  meth<xl  of  comjwnsation,  719 

t*s  velocity  of  sound,  277 


LIG 

LABYRINTH  of  the  ear,  260 
Lactometer,  129 

Ladd's  dynamo-electrical  machine,  916 

Lambert's  method,  570 

Lamps,  incandescent,  836 

Land  and  water,  loi  i 

Lane's  electrometer,  777 

Lantern,  magic,  604 

Laplace's  barometric  formula,  1 78 

Laryngoscope,  563 

Larynx,  259 

Latent  heat,  341  ;  of  fusion,  461  ;  of 
vapours,  372,  462 

Lateral  jet,  143 

Latitude,  influence  on  the  air,  1005  ; 
parallel  of,  82 

Lavoisier  and  Laplace's  calorimeter,  450  ; 
method  of  determining  linear  expan- 
sion, 314 

Law,  5 

Laws  of  mixture  of  gases  and  liquids,  383 

Lead  tree,  853 

Leclanche's  elements,  813,  814 

Ledger  lines,  252 

Leidenfrost's  phenomenon,  385 

Lemniscate,  667 

Length,  unit  of,  22  ;  of  undulation,  225 

Lens,  axis  of^  551 

Lenses,  551-559;  achromatic,  582; 
aplanatic,  558  ;  centres  of  curvature, 
551  ;  combination  of,  560  ;  echelon, 
607 ;  foci  in  double  convex,  552 ;  in 
double  concave,  553 ;  formation  of 
images  in  double  convex,  556 ;  in 
double  concave,  557  ;  fommlae  relat- 
ing to,  559 ;  lighthouse,  607  ;  optioU 
centre,  secondary  axis  of,  555 

Lenz's  law,  901 

Leslie's  cube,  423 ;  experiment,  373 ; 
thermometer,  308 

I^vel,  water,  109  ;  spirit,  1 10 

Level  surface,  67 

Levelling  staff,  109 

Lever,  40 

Leyden  discharge,  inductive  action  of,  903 

Leyden  jars,  770-780 ;  charged  by 
Kuhmkorfl^s  coil,  923  ;  potential  of, 
782  ;  work  by,  784 

Lichtenberg's  figures,  772 

Liebig*s  condenser,  377 

Ligament,  suspensory,  612 

Light,  499  ;  diffraction  of,  646  ;  homo- 
geneous, 569,  572  ;  intensity  of,  508  ; 
interference  of,  645  ;  laws  of  reflection 
of,  511  ;  medium,  502  ;  oxyhy<lroijen, 
606  ;  polarisation  of,  652  ;  relati\*e 
intensities  of,    510;  sources  of,  634^ 
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theory  of  polarised   light,   66 1 ;   un- 

dulatory  theory  of,  499,  637  ;  velocity 

of,  505-507 
Lighthouse  lenses,  607 
Lighting,  electric,  838 
Lightning,  999  ;  ascending,  997  ;  effects 

of,  997  ;  conductor,  looi  ;  globe,  999 ; 

heat,  997  ;  brush,  997  ;  flashes,  997  ; 

zigzag,  997 
Limit,  magnetic,  720 ;  to  induction,  746 ; 

of  perceptible  sounds,  244 
Line,  aclinic,  698 ;  of  collimation,  595  ; 

isoclinic,  698  ;  agonic,  692 ;  isogonic, 

692 ;     isodyuamic,     701  ;     of    sight, 

595 

Linear   expansion,    coefficients   of,   313, 

315 

Lines  of  magnetic  force,  707 

Lippmann's  capillary  electrometer, 
840 

Liquefaction  of  gases,  380,  381  ;  of 
vapours,  375 

Liquids,  99  ;  active  and  inactive,  667  ; 
buoyancy  of,  100  ;  compressibility  of, 
97  ;  conductivity  of,  407  ;  calculation 
of  density  of,  107  ;  diffusion  of,  140  ; 
diamagnetism  of,  938  ;  expansion  of, 
321  ;  equilibrium  of,  104  ;  manner  in 
which  they  are  heated,  408  ;  pressure 
on  sides  ot  vessel,  I02  ;  refraction  of, 
549 ;  rotatory  power  of,  676  ;  sphe- 
roidal form  of,  84  ;  spheroidal  state  of, 
385  ;  specific  heat  of,  456  ;  volatile 
and  fixed,  349  ;  tensions  of  vapours  of, 
359  ;  of  mixed  liquids,  360 

Lissajous's  experiments,  284-286 

Lithium,  578 

Litre,  24,  125 

Local  action,  806  ;  attraction,  715  ;  bat- 
tery, 889  ;  currents,  816 

Locatelli's  lamp,  428 

Locomotives,  470,  471 

Lodestone,  680 

Long  sight,  629 

Loops  and  nodes,  269 

Loss  of  electricity,  743  ;  of  weight  in  air, 
correction  for,  402 

Loudness  of  a  musical  tone,  246 

Luminiferous  ether,  499 

Luminous  bodies,  500 ;  effects  of  the 
electric  discharge,  773,  833  ;  of  the 
electric  current,  923  ;  of  RuhmkorflF's 
coil,  923  ;  jar,  790  ;  meteors,  993 ; 
paint,  636  ;  pane,  789  ;  pencil,  501  ; 
ray,  501  ;  tube,  789 ;  square,  and 
lx)ttle,  789 

Luminous  radiation,  432 ;  heat,  434 


MAN 

MACHINE,    Atwood's,    77;   dec- 
trical,    752-760 ;  Von   Ebno's, 
794 ;  electro-magnetic,  886 

Mackerel-sky,  981 

Magazine,  717 

Magdeburg  hemispheres,  160 

Magic  lantern,  604 

Magnetic  attractions  and  repulsions,  701 : 
battery,  717;  couple,  690;  corvo. 
706;  declination,  691  ;  dip,  69S; 
effects  of  the  electrical  discharge,  791 ; 
equator,  698  ;  field,  707,  963  ;  fluids, 
683;  induction,  686;  influence,  686 ; 
limit,  720 ;  meridian,  691  ;  oeedk, 
691,  692  ;  oscillations  of,  705  ;  obser- 
vatories, 702  ;  poles,  698  ;  satuniioo, 
716 ;  storms,  694 

Magnetisation,  710  ;  by  the  action  of  the 
earth,  714;  by  currents,  882;  single 
touch,  711 

Magnetism,  6,  700  ;  determinatioQ  <rf, 
in  absolute  pressure,  709  ;  earth's,  701 ; 
of  iron  ships,  715  ;  Ampire's  theory 
of»  879  ;  remanent,  883  ;  theory  oC 
683  ;  terrestrial  distribution  of  free, 
721 

Magneto  and  dynamo-electrical  machines, 
918-920 

Magneto-electrical  apparatus,  911  : 
Gramme's,  917  ;  machines  9' 3 -916 

Magnetometer,  949 

Magnets,  artificial  and  natural.  6S0: 
broken,  685  ;  action  of  earth  on.  6S0 : 
equator  of,  681  ;  floating,  722  ;  bci: 
developed  by,  929  ;  meter,  949  :  norh 
and  south  poles  of,  682  ;  pt>rla:ive  force 
of,  719  ;  saturation  of,  716  ;  intlaenct 
of  heat,  720  ;  induction  by,  904  ;  in- 
ductive action  on  moving  Ix-xlics.  ocS : 
action  on  currents,  S67  ;  on  solcnoidN 
877  ;  rotation  of  induceii  current*  hr. 
928 ;  optical  effects  of,  935  ;  total  ac:k>a 
of  two,  708 

Magnification,  linear  and  superficial.  8S  : 
measure  of,  589  ;  of  a  telescope.  55, 64 

Magnifj'ing  power,  594 

Magnitude,  9  ;  apparent,  of  an  objevi. 
588  ;  of  images  in  mirrors,  5S7 

Major  chord,  247  ;  triads  248 

Malleability,  859 

Mance's  heliograph,  523  ;  method,  957 

Manganese,  magnetic  limit  of,  720 

Manhole,  466 

Manipulator,  888 

Manometer,  97,  183  ;  open-air.  fSj : 
with  compressed  air,  184  ;  Kcgnittl:** 
barometric,  186 


Index, 


1023 


MAN 

Manometric  flames,  288 

Mares*  tails,  981 

Marie-Davy  battery,  812 

Marine  barometer,   165 ;    galvanometer, 

822 
Mariner's  card,  975  ;  compass,  697 
Mariotte  and  Belle's  law,  180 
Mariotte's  tube,  180 
Marloye's  harp,  281 
Maskel]me*s  experiment,  67 
Mason's  hjrgrometer,  3^ 
Mass.  measure  of,  23  ;  unit  of,  23 
Matter,  2 

Matteucci's  experiment,  903 
Matthiessen's  thermometer,  308  ;  table  of 
electromotive  forces,    940;   electrical 
conductivity,  958 
Maxim's  lamp,  83)$ 
Maximum  current,  conditions  of,  826 
Maximum  and  minimum  thermometers, 

310  ;  of  tension,  755 
Max  wells  electromagnetic  theory  of  light, 

748,  965  ;  colour  discs,  570 
Mayer's  floating  magnets,  722 
Mean  temperature,  1004 
Measure  of  force,  29  ;  of  work,  60 
Measure  of  magnification,  589,  594  ;  of 
mass  23  ;  of  space,  22  ;  of  time,  21  ; 
of  velocity,  25 
Measureujent  of  small  angles  by  reflec- 
tion, 522 
Mechanical    equivalent    of    heat.    497 ; 
eflecu    of   electrical  discharge,    792; 
battery,  839 
Melloni's   researches,   429 ;   therroomul- 

tiplier,  412,  946 
Melting  point,  influence  of  pressure  on, 

339 

Membranes,  vibrations  of,  283 

^f  emoria  technica,  820 

McnUcus,  132  :  amvex,  131 ;  in  baro- 
meter, 169  ;  SagitU  of,  169 

Menoiti's  hatter)-,  8l2 

Mcrcurj',  frozen,  373,  381,  384  ;  pendu- 
lum, 320;  coefficient  of  expansion, 
323  ;  expansion  of,  322 ;  pump,  208 

Meridian.  21  ;  geograj^iical  and  mag- 
netic, 691 

Mctacentre,  ii$ 

Mctal^  Rose's  and  Wood's  fusible,  340 

Metals,  conductivity  of.  955 

Meteoric  stones,  480 

Meteorograph,  974 

Meteorology,  973 

Meteors  aerial,  964 

Metre.  22,  125 

Mica,  664 


MOU 

!    Microfarad,  964 
I    Micrometre  lines  594  ;  screw,  1 1 
I    Microphone,  931 

;    Microscope,   12 ;  achromatism  of,  592  ; 
Duboscq's  606  ;  compound,  591  ;  field 
oC    59 <  ;  focussii^,    587  ;  magnifying 
powers  of,   594  ;  photoelectric,  606  ; 
simple,  586 ;  solar,  605 
I    Microspectroscope,  580 
I    Mill,  Barker's  194 
j    Milliampere,  964 
\    Millimetre,  125 
j    Mineral  waters,  1000 
!    Mines,  firing  by  electricity,  795,  829 
'-    Minimum  thermometer,  310  ;  deviation, 
547 
Minor  chonl,  247 
[    Minotto's  batter}',  812 
■    Minute,  21 
Mirage,  541 

Mirrors  512 ;  applications  of,  534 ;  burn- 
ing, 420;  concave,  419,  528;  conju- 
gate, 420 ;  convex,  526-529  ;  glass, 
515;  parabolic,  535;  rotating,  520, 
795  ;  spherical,  524 
Mists,  980 
Mixture   of  gases,    188;    of  gases  and 

liquids  ^89  ;  laws  of,  -fi"^ 
Mixtures  freezing,  347  ;  method  of,  452 
Mobile  equilibrium,  415 
Mobility,  7,  18 
Modulus  of  elasticity,  88 
Moisture  of  the  atmosphere,  400 
Molecular   forces     3;     attraction,    83; 

stale  of  bodies  4  ;  velocity,  294 
Molecular  state,  relation  of  absorption  to, 

443 
Molecules  3 
Moments  of  forces,  38 
Momentum,  i& 
Monochord,  266 
Monochromatic  light,  569 
Monosyllabic  echo,  237 
Montgoltier's  balloon,  196  ;  ram,  150 
Moon,  510 

Mori^agni'f  humour.  610 
Morin's  apparatus  78 
Morren'4  mercury  pump,  20S 
Morse's  telegraph,  889 
Moser's  images  '93 

Motion,  18 ;  on  an  inclined  plane,  50: 
curvilinear,  25  ;  in  a  circle,  53,  54 : 
rectilinear,  25 ;  resistance  to.  in  a 
fluid.  48  ;  uniformly  accelerated  rec- 
tilinear, 48 ;  quantity  of.  29 ;  of  a 
pendulum.  55:  of  pr'j|Jectile,  51 
Mouth  instrumens  271 
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MUL 

Multiple  battery,  826 

Multiple  echoes,  237  ;  images  fonned  by   | 
mirrors,  515,  516,  517  | 

Multiplier,  821 

Muscular  currents,  966,  967,  968  ' 

Music,  220;  physical  theory  of,  246- 
264 

Musical  boxes,  279 ;  comma,  248 ; 
intervals,  247  ;  sode,  248 ;  tempera- 
ment, 250  ;  tones,  properties  of,  246  , 
intensity,  notation,  252  ;  pitch  and 
timbre,  246;  sound,  223;  range,  252 

Myopy,  619,  629 

NAIRNE'S  electrical  machine,  757 
Nascent  state,  85 
Kattcrcf  5;  ,381 

Natural  maa^i^vL.^,  b:So 
Kaumann'Ei  inw,  45S 
Needle,   declination   o^^    691  ;    dipping, 

698  ;  astatic,  700;  magnetic,  691 
Negative  plaie,  80 1 
Nt^liii^es  on  glass,  609 
Hcrve-curfenl's^  970 
Neutral     line,     744 ;     equilibrium,    70 ; 

pointy  744  ;  tcmjxrature,  940 
Kewtonian  teles  ope.  600 
Ncwion'stljsf,  567  ;  law  of  cooling,  416 

rings,  650,  651 ;  theory  of  light,  568 
Niaudet's  element.  812 
Nichplson's  hyilrometer,  120 
l^ickel,    electrical    deposition    of,    857 ; 

magnetic  limk  o(|  720 
Nicors  prism,  660  I 

Nimlms,  98!  ! 

Nobili*s  ba!tCT>\  943  \  rings,  852  ;  ther-   i 

mnmultipliers,     945  ;    thermo-electric   ; 

pile,  42S.  431*  94J  i 

NoctUTnal  radiation,  495  ! 

Nodal  points,  271,  645  ! 

Nodes  ai>d  lr«p,  269  ;  of  an  organ  pipe, 

274  ;  explanation  ol^  276 
Noises,  221 
Nonconductors,  735 
Norrcmlierg's  apparatus^  657 
Northern  light,  1003 
Norwegian  stove,  410 
Kotation,  musical,  252 
Notes  n  musicj  ^47  ;  musical,  of  women 

and  boys.  259     wave-length  of,  253 
Nut  of  a  screw,  45 

OBJECT-glass,  590 
Objective,  590 
Obscure     radiation,     432  ;     rays,    433 ; 
transmutation  of,  433 


PEN 

Observatories,  magnetic,  702 

Occlusion  of  gases,  194 

Occultatioa,  505 

Octave,  249 

'  '  r  "    "^      -irimcnit  820 

Ohms,  987 

Ohm's  law,  825 

Opaque  bodies,  500 

OpcT^-gla&§cs^  597 

Ophthalmoscope,  633 

Optic  axis,  617  ;  axis  of  biaxial  crystals, 

644;  angle,  607;  nenre,  612 
Optical  centre,  555  ;  effects  of  magnets, 

926  ;  instruments,  585  ;  electrical  a- 

perimcnU.  937 
Optics,  499 
Optometer,  619 

Ot)jan  pipes,  2  74 ;  nodes  and  loops  of,  274 
Orrery t  decirical,  764 
OscilUtions,  \  s;  *  axis  of,  79 ;  metbod  << 

705 
Oscillating  discharges,  783 

Otto  von  Gtxertcke's  air-pump,  200 
Outcrop,  III 
Overshot  wheels,  150 
Oxyhydrogen  light,  606 
Ozone,  793,  999 


PACINOTTrS  ring,  917 
Paint,  luminous,  636 

Pallet,  81 

Pane,  fdminaiing»  769  ;  luminous,  790 

F*apin*s  dig^ter,  371 

Paralwlic  mirrori,  535  ;  curve,  60,  143 

Paiachute,  198 

Paradox,  hydrostaiic,  103 

Parallel    of    laliiude,     82  ;    forces,    56 
centre  of,  27 

Parallel  ra)'s,  501 

Parallelogram  of  forces,  '^'^ 

Paramagnetic  Ixxlies,  938 

Part ial  cu rre is t  ^  96 1 

Pjiiicars  law  of  equality  of  pressures  oS: 
estperiroenL'^.  162 

Passage  tint,  677 

Passive  state  of  iron,  851 

Pedal,  279 

Peltier's  cross,  950  ;  effect,  950 

Pendulum,  55  ;  application  to  clocU 
81  ;  ballistic,  81  ;  compensation,  3»: 
electrical,  724;  gridiron,  320;  mer- 
curial, 320  ;  length  of  compound,  79: 
reversible,  79  ;  veri6catioQ  of  laws  oC 
80 

Penumbra,  503 
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on,  heat  due  to,  479 

>ic  glasses,  629 

cnt  gases,  380 

Qce  of  impression  on  the  retina, 

live,  aerial,  618 

itions,  magnetic,  692,  693 

stoscope,  625 

enon,  5 

four  elements,  106 

:ograph,  287 

-aph,  Edison's,  291 

)rescence,  635,  636 

►rogcnic  rays,  573 

►roscope,  636 

lectric  microscope,  606 

nic  apparatus,  606 

aphs   on   paper,   609 ;  on   albu* 

ed  paper  and  glass,  61 1 

aphy,  608-611 

Iters,  509,  5«« 

one,  936 

phenomena,  5  ;  agents,  6 ; 
rties  of  gases,  1 52  ;  shadows.  503 
object  of,  I 

»gical  effects  of  the  electric  dis-   , 
s,  785  ;  of  the  current,   827  ;  of 
ikorfTs  coil,  923 
ter,  97 
colours,  570 
taic,  804-818 
rgan,  274 
%'er  of,  69 
lectric,  793 

fair-pump,  200;  ro<l,  467 
concert,    251;   of  a  note,    246 ; 
w.  45  \ 

45  ;    electrical     inclined,     764 ; 
■'»»  5 '  3  ;  wave,  642 
secon'lary  l>attcry,  849 
ihv)rption  in,  193 
rctrical  machine,  753 
:olours  of  thin,  650  ;  vibrations 
2 

ne,  67  ! 

ftcr,  983 

jc  syringe,  154,  479 
lorfTs  law,  793 
ailing,  366,  367 

iction  of,  742  ;  nodal,  271,  645 
le's  ap|»aratus,  147 
i  coefficient,  88 
rora,  foo3 

ion,   848  ;  angle    of,    654  ;  cur* 

848  ;    <^f    elect  ro<les,     806  ;    by 

refraction,  652  ;  by  reflection, 

>y  single  refraction,  655  ;  clli|>-  ; 


PRO 

tical  and  circular,  669,  670,  672  ;  of 
heat,  679 ;  galvanic,  806,  848 ;  light, 
652  ;  of  the  electric  medium,  747  ; 
plane  of,  654 ;  plate,  804 ;  rotatory, 
674 

Polarised  light,  theory  of,  661  ;  colours 
produced  by  the  interference  of,  662, 
668 ;  rays,  662 

Polariscr,  656 

Polarising  instruments,  656 

Polarity,  806 ;  boreal,  austral,  689 

Pole,  glacial,  997 

Poles,  803 ;  analogous  and  antilogous, 
842  ;  electric,  732  ;  of  the  earth,  698  ; 
magnetic,  698  ;  of  a  magnet,  681 ; 
mutual  action  of,  682  ;  precise  defini- 
tion of^  684  ;  austral  and  boreal,  689 

Polygon  of  forces,  35 

Polyprism,  544 

Ponderable  matter,  6 

Pores,  13 

Porosity,  7,  13 ;  application  of,  15 

Portative  force,  719 

Positive  plate,  801  ;  crystals,  643 

Positives  on  glass,  610 

Postal  battery,  889 

Potential  energy,  62  ;  of  electricity,  738  ; 
of  a  Leyden  jar,  782  ;  of  a  sphere,  741 

Pound,  125  ;  avoirdupois,  23,  29 ;  fool, 

59 

Powders,  radiation  from,  443 

Power  of  a  lever,  40;  of  a  microscnfje, 
594  ;  of  points,  742 

Presbytism,  619,  629 

Press,  hydraulic,  108 

Pressure,  centre  of,  102  ;  on  a  body  in  a 
liquid,  112;  atmospheric,  158  ;  amount 
of,  on  human  body,  163  ;  experiment 
illustrating,  210;  mfiuence  on  melting 
}X)int,  339 ;  heat  produced  by,  479  ; 
electricity  produced  by,  731 

Pressures,  e<|uality  of,  98  ;  vertical  down- 
ward, 99  ;  vertical  upward,  100 ;  in- 
dependent of  form  of  vessel,  loi  ;  on 
the  sides  of  vessels,  102 

Prevost'i  theory,  415 

Primary  coil,  893 

Primitive  current,  961 

Principal  current,  961 

Principle  of  Archimedes,  1 13 

Prisms,  543-547 ;  double  refracting,  659  ; 
Nicolas,  660  ;  with  variable  angle,  544 

I*roblems  on  expansion  rjf  gases,  332  ; 
on  mixtures  of  gases  and  vapours,  384 ; 
on  hygrometry,  401 

Projectile,  motion  of,  $  I 

Proof  plane,  735 

3U 
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Propagation  of  lig|it,  502 

ProtripUsm,  827 

Protu^xrranors,  579 

Pulley,  4L 

Pump,  air,  200  ;  condensing,  209  ;  filler, 

206 
Pumps  'lifTerent  kinds  o(^  215 ;  uction, 

216  ;  suction  and  force,  217 
Punctum  cecum,  612 
Pupil,  612 

Psychrometer,  398,  974 
Pyroclectricity,  732 
Pyroheliometer,  480 
Pyrometers,  311 ;  electric,  949 


QUADRANTAL  deviation,  715 
Quarlrant  electrometer,  756 

RADIANT  heat,  411  ;  detection  and 
measurement  of,  412;  causes 
which  modify  the  intensity  of,  414 ; 
Melloni*s  researches  on,  428 ;  relation 
of  gases  and  vapours  to,  438 ;  relation 
to  s<jund,  446a 

Radiated  heat,  403,  411 

Radiating  |)ower,  425  ;  identity  of  ab- 
Korhing  and  radiating,  426 ;  causes 
which  nio<lify,  &€.,  427  ;  of  gases,  441 

Radiation,  c<jld  prociuced  by,  495  ;  from 
l)ow(lcrs,  443  ;  of  gases,  luminous,  and 
obscure,  432;  laws  of,  413;  solar, 
480 

Radiative  power,  985 

Radiometer,  445 

Railway,  electrical,  917 

Rain,  983;  clouds,  983;  l)Ow,  1002;  fall, 
974.  9^3  ;  g'^"g^.  9i^3  ;  <Jrop.  velocity 
of,  48 

Ram,  liydraulic,  150;  powder,  479 

Rams<lcn's  clcctiical  machine,  753 

Rarefaction  in  air-pump,  200  ;  by  Sprcn- 
gel's  pump,  205 

Ray,  incident,  536 ;  luminous,  501  ; 
ordinary  and  extraordinary,  641 

Rays,  actinic,  or  Rilteric,  433 ;  diver- 
gent and  convergent,  501  ;  frigorific, 
422;  of  heat,  411,  429  ;  Herschelian, 
430 ;  invisible,  429 ;  obscure,  433  ; 
path  of,  in  eye,  615;  phosphorogenic, 
573  I  ix)larised,  662  ;  transmutation  of 
thermal,  434 

Reaction  and  acti»m,  39 

Real  volume,  14  ;  fovi,  552  ;  focus,  525  ; 
image,  528,  556 

Reaumur  scale,  303 


JLHK 

Reccifu  of  azr-puBipy  300 

RecooigiiaMtiog  cHwhjXjt  li^it,  5^7 

Reed  iosoiSDents,  272 

Reeds,  free  and  bearing,  272 

Redo^ed  ligh:,  intez&sirj  oi^  519 

Reflccung  power,  ^l\  goaiomctfl, 
534  ;  VTTanr,  521  ;  aiercoeicope,  623; 
telescope,  59S 

Reflection,  apparent,  of  cold,  422;  oi 
heat,  418  ;  frocc  coocave  mirrors,  419 ; 
irregular,  51S;  lavs  oC  417  ;  vena- 
cation  of  lavs  ol,  420 ;  in  a  vacuum. 
421  ;  of  light,  511-541  ;  of  soosti, 
236 

Refracting  crystals,  6391, 652,  663 ;  s:crc> 
scope,  624 ;  telescope,  59S 

Refraction,  536-545  ;  double,  639 ;  po- 
larisation by,  652  ;  expLination  of 
single,  638  ;  of  sound,  23)8 

Refractive  iixiex,  538  ;  determinatioQ  d, 
562  ;  of  gases,  550 ;  of  liquids,  549 : 
of  solids,  548  ;  table  o(,  550 ;  indictf^ 
of  media  of  eye,  613 

Refractory  substances,  338 

Refrangibility  of  light,  alteration  of.  5>- 

Regelation,  990 

Rq^nault's  cxp>erinicnts,  229 ;  dcierci- 
nation  of  density  of  gase>,  336  ;  mir.  • 
meter,  186  ;  melh<Kls  of  de:ermi:.;:> 
the  expansion  of  gase^,  ^^^  ;  oi  >\'<x-'- 
heat,  454  ;  of  tension  of  a-iueon*  \J- 
pour,  356,  358  ;  hygrometer,  507 

Regnier's  electric  lamp,  83S 

Regulator  of  the  electric  light,  S35,  Sjo 

Rcis's  telephone,  8S5 

Relay,  889 

Remanent  magnetism,  SS3 

Repulsions,    magnetic,     705  ;    clcctri- 
laws  of,  731 

Reservoir,  common,  726 

Residual  charge,  748,  773 

Residue,  electric,  773 

Resilience,  773 

Resinous  electricity,  727,  7^8 

Resistance  of  a  comluctor,  S25  ;  <\  - 
clement,  957 

Resonance,  237  ;  lx)x,  251  ;  gu»'<,  255 

Rest,  18 

Resultant  of  forces,  32-34 

Retina,  612  ;  i)ersistcnce  of  imprv^-  * 
on,  625 

Return  shock,  looo 

Reversible  jxindulum,  79 

Reversion,  method  of,  096 ;  sj<c:roscx ;  «■ 

577 
Rheometer,  821 
Rheoscope,  821 
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Rheoscopic  frog,  968 

Rheostat,  951 

Rhomb,  Fresners,  671 

Rhumbs,  697,  975 

Right  ascension,  600 

Rime,  987 

Ring  inductor,  919 

Rings,  coloured,  666 ;  Gravesand's,  295 ; 
in  biaxial  crystals,  667 ;  Newton's,  650, 
651  ;  Nobili*s,  ^$2 

Ritchie's  experiment,  426 

Ritteric  rays,  433 

Robinson's  anemometer,  974 

Rock  salt,  heat  transmitted  through, 
437 

Rods,  vibrations  of,  281 

Roget's  vibrating  spiral,  859 

Rose's  fusible  metal,  340 

Rotary  engine,  471 

Rotating  mirror,  520,  795 

Rotation,  clcctrodynamic  and  electro- 
magnetic,  of  liquids,  869  ;  winds,  978 

Rotation  of  the  earth,  80 ;  of  magnets 
by  currents,  912  ;  of  currents  by  mag- 
nets, 868 ;  of  induced  currents  by 
magnets,  928 

Rotatory  power  of  liquids,  676  ;  polari- 
sation, 673,  674;  coloration  produced 

»'y.  675 

Rousseau's  densimeter,  130 

Roy    and    Ramsden's    measurement   of 

linear  expansion,  361 
RubU-rs.  753 
Rubidium.  578 
Ruhlmann's  barometric  and    thermome- 

trie  observations,  179 
Ruhmkorff's  coil,  921  ;  effects  produced 

by,  923 
Rumford's  photometer,  509 
Rutherford's  thermometers,  310 


SACCHARIMETER,  677 
Saccharometer,  126 
Safety-catch,  829  ;  tube,  379  ;  valve,  1 08, 

371  ;  whistle,  466 
Saf^tta  of  meniscus,  169 
Salimeters,  129 
Salts,  decomposition  of,  843 
Saturation,   degree  of,    392 ;    magnetic, 

716;  of  colours,  $70 
Saussure's  hygrometer,  399 
Savart's  toothed  wheel,  241 
Scale  of  hardness,  93 
Scales  in   music,  248  ;  chromatic,   250  ; 

(if  a  thermometer,  303  ;  conversion  of, 

into  one  another,  303 


SOL 

Scattered  heat,  424 ;  light,  518 
Schehallien  experiment,  67 
Schciner's  experiment,  619 

Schwendler's  platinum  light  standard, 
838 

Scintillation  of  stars,  541 

Sciopticon,  604 

Sclerotica,  612 

Scott's  phonautograpb,  287 

Scraping  sound,  281 

Scratching  sound,  281 

Screw,  II,  45 

Secchi's  meteorograph,  974 

Secondary  axis,  555  ;  batteries,  849 ; 
currents,  806;  coil,  893 

Second  of  time,  21,  25 

Seconds  pendulum,  79 

Secular  magnetic  variations,  692 

Segments,  ventral  and  nodal,  269 

Segner's  water-wheel,  149 

Selenite,  664 

Selenium,  951 

Self-induction,  905 

Semicircular  deviation,  715 

Semi-conductors,  725 

Semiprism,  526 

Semitones,  249 

Senarmont's  experiment,  406 

Sensitive  membrane,  229 

Serein,  985 

Series,  thermo-electric,  940 

Serum,  12 

Sextant,  521 

Shadows,  503 

Shaft,  467 

Shock,  electric,  770-78$  ;  return,  1000 

Shooting  stars,  480 

Short  sight,  629 

Siemens'  armature,  914;  dynamo-elec- 
trical machine,  918 ;  unit,  952  ;  elec- 
trical thermometer,  960 

Sight,  line  of,  $95 

Silent  discharge,  793 

Silver,  vultametcr,  846 

Simoom,  977 

Sine  compass,  824 

Singing  of  liquids,  363 

Sinuous  currents,  861 

Sirocco,  977 

Size,  estimation  of,  618 

Sky,  969 

Sleet,  988 

Slide  valve,  469 

Smce's  battery,  811 

Snow,  9S8  ;  line,  991 

Soap-l)ul>l)lc,  colours  of,  650 

Solar   microsco{>e,   605  ;   light,   thermal 
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analysis     of,    430;    radiation,    480; 

spectrum,  564  ;  properties  of  the,  573  ; 

dark  lines  of,    574,    579 ;   time,  21  ; 

day,  21 
Soleil's  saccharimeter,  677 
Solenoids,  874-878;  action  of  currents 

on,  875  ;  of  magnets  and  of  earth  on, 

876,  877  ;  on  solenoids,  878 
Solidification,    343 ;    change  of  volume 

on,  343»  346  ;  retardation  of,  345 
Solidity,  4,  7 
Solids,   conductivity  of,   404 ;  index  of 

refraction  in,  548;  diamagnetism  of, 

938 ;  linear  and  cubical  expansion  of, 

314.  319 

Solids,  formulae  of  expansion,  318 

Solution,  342 

Sondhaiiss's  experiments,  238 

Sonometer,  266,  932 

Sonorous  body,  222 

Sound,  221  ;  cause  of,  223  ;  not  propa- 
gated in  vacuo,  222 ;  propagated  in  all 
elastic  bodies,  224  ;  propagation  of,  in 
air,  225 ;  causes  which  influence  inten- 
sity of,  226  ;  apparatus  to  strengthen, 
227  ;  interference  of,  261 ;  velocityof,  in 
air,  230  ;  in  gases,  231-232  ;  in  liquids, 
234 ;  solids,  235  ;  reflection  of,  236 ; 
refraction  of,  237  ;  relation  of  radiant 
heat  to,  446^  ;  transmission  of,  228  ; 
waves,  229 

Sound,  Helmholtz's  analysis  of,  255 

Sound,  Konig's  apparatus,  255;  Kundt's, 

277 

Sounder,  896 

Sounds,  intensity  of,  289  ;  limit  of  per- 
ceptible, 244  ;  synthesis  of,  257  ;  per- 
ceptions of,  260 ;  produced  by  currents,    , 
86s  j 

Space,  measure  of,  22 

Spar,  Iceland,  659 

Spark  and  bnish  discharge,  787  ;  elec-  ' 
trical,  762,  787  ;  duration  and  velocity  ; 
of,  795  .; 

Speaking  trumpet,  239 ;  tubes,  228 

Specific  gravity,  24,  119,  124;  bottle  | 
hydrometer,  120,  121;  of  solids,  I20;  j 
of  gases,  335  ;  of  liquids,  123  ;  tables  ' 
of,  124,  125  , 

Specific  heat,   448-460 ;  comix>und  bo-   , 
dies,  564  ;  determination  of,  by  fusion 
of  ice,  450 ;  by  method  of  mixtures, 
452  ;  by  Regnault's  apparatus,   454  ;   I 
of  solids  and    liquids,    456,    457 ;    of 
j:ases,  460 

S})ecific  inductive  capacity,  748 

Spectacles,  630 


SUN 

Spectra,  648 

Spectral  analysis,  575  ;  colours  and  pi^ 
ment,  571 

Spectroscope,  576  ;  direct  vision,  577 ; 
experiments  with,  578  ;  uses  of  the, 
580 

Spectrum,  calorific,  573  ;  chemical,  573 

Spectrum,  430  ;  colours  of,  566 ;  poic, 
565  ;  solar,  564,  577 

Spectrum,  dark  lines  of,  574 

Spectrum,  diffraction,  648 

Spectrum,  luminous  properties  o(i  $73 

Spectrum  of  aurora  borealis,  1003 ;  pro- 
perties of,  573 

Specular  reflection,  518 

Spherical  aberration,  $33,  558 ;  mirrors 
524  ;  focus  of,  525  ;  formukc  for,  530. 

53'  . 
Spheroidal  form  of  liquids,  84 ;  state. 

.385 

Spherometer,  11 

Spiral,  882  ;  Roget*s  vibrating,  859 

Spirit-level,  no 

3prengel*s  air-pump,  205 

Springs,  loio ;  intermittent,  214 

Stable  equilibrium,  70 

Stars,  declination  of,  600 ;  spectral  aoa}ysi> 

of,  582 
Staubbach,  76 
Steam-engines,  465  ;  boiler,  466  ;  dt-cMe 

action,    or   Watt's,    467 ;    pijie,  207 ; 

various  kinds  of,  472 ;  work  ot,  475 : 

heating  by,  490 
Steeling,  857 
Stereoscopes,  622-624 
Steromcter,  185 
Stethoscope,  240 
Stills,  376 

Stool,  insulating,  762 
Stopcock,  doubly  exhausting,  202  ;  Oay- 

Lussac's,  382 
Storage  batteries,  849 
Storms,  magnetic,  694 
Stoves,  489  ;  Norwegian,  410 
Stratification  of  electric  light,  924 
Stratus,  981 

Stringed  instruments,  279 
Strings,    265 ;    transverse    vihrati«\n  «■<. 

265 
Subdominant  chords,  248 
Suction  pump,    216  ;    and   force  purcr. 

217;     load    which    piston     *uppi>rtN 

218 
Sulphate  of  mercury  battery,  S12 
Sun,  510  ;  analysis  oC  579  ;  ci>n>tituiK« 

of,  579 
Sun-spots,  701 
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SUR 
Surface     level,     67 ;     tension. 


137; 


coloured,  581 

Suspension,  axis  of,  71  ;  Cardan^s,  160 

Suspensory  ligament,  612 

Swan  lamps,  838 

Swimming,  118;  •bladder  of  fishes,  117 

Switch,  932 

Sjrmmer^s  theory  of  electricity,  728 

Synthesis  of  sounds,  257 

S3rphon,   213 ;    barometer,    167 ;    inter- 
mittent, 214;  recorder,  892 

Syren,  242 

Sjrringe,  pneumatic,  154,  479 


TAMTAM  metal,  94 
Tangent  compass,  or  galvanometer, 

823.  847 

Tasi meter,  933 

Tears  of  wine,  136 

Telegraph,    cables,    Cowper*s    writing,   i 
890  ;  induction  in,  891  ;  electric,  886- 
890 ;     electrochemical,      892 ;     dial, 
888  ;  Morsels,  889 

Telegraphy,  duplex,  893 

Telephone,  885,  930 ;  Edison's,  934 ; 
Reis's,  882  ;  toy,  235 

Tclescojjes,  595-601  ;  astronomical,  595  ;   I 
Galilean,  597  ;  Gregorian,  599  ;  Her     | 
schelian,  601  ;    Newtonian,  600  ;    re- 
flecting, Rosse*s,  601 

Telluric  lines,  573 

Temper,  94 

Temperature,   297,  448  ;  correction  for, 
in    liarometcr,    170  ;  critical,    370  ;  of  I 
a  body,  297  ;   determined  by  specific 
heat,  457 

Temperature,  absolute  xero  of,  496  ;  in- 
fluence of,  on  specific  gravity,  123  ; 
mean,  1004  ;  how  modified,  1005  ; 
distribution  of,  1009  ;  of  lakes,  seas, 
and  springs,  loio 

Temperatures,  different  remarkable,  312  ; 
influence  on  expansion,  318 

Tempering,  90,  94 

Tenacity,  7,  91  | 

Tension,  117,  736,  ^22  ;  maximum  of, 
electrical  machine,  755  ;  maximum  of, 
vapours,  353  ;  of  aqueous  vapour  at 
various  temperatures,  355-361  ;  of 
vapours  of  different  liquids,  359  ;  of 
mixed  liquids  in  two  communicating 
vessels,  361  ;  free  surface,  137  I 

Terquem's  experiment,  735 

Terrestrial  currents,  901  ;  heat,  481  ; 
magnetic  couple,  690  ;  magnetism,  721  ; 
telescope,  596 


TOW 

Terrestrial  gravitation,  67,  82 

Terrestrial  magnetic  couple,  690 

Tetanus,  827 

Thallium,  578 

Thaumatrope,  625 

Theodolite,  10 

Theory,  5  ;  of  induction,  747 

Thermal  analysis,  430 ;  unit,  447,  484 ; 
springs,  lOio 

Thermal  effects  of  the  cunnent,  829,  830 

Thermal  rays,  transmutation  of,  434 ; 
unit,  447 

Thermobarometer,  369 

Thermochrose,  436 

Thenno-electric  battery,  412,  944 ; 
couples,  942  ;  currents,  941,  943,  9471 
pile,  412,  431,  943  ;  series,  940 

Thermo-electricity,  939 

Thermo-element,  940 

Thermometer,  electric,  792 

Thermometers,  298 ;  Becquerel's  elec- 
trical, 948 ;  correction  of  readings,  328  ; 
differential,  308  ;  division  of  tubes  in, 
299  ;  filling,  300  ;  graduation  of,  301  ; 
determination  of  fixed  points  of,  302  ; 
scale  of,  303  ;  displacement  of  zero, 
304  ;  limits  to  use  of,  305  ;  alcohol, 
306  ;  conditions  of  delicacy  of,  307  ; 
Kinnersley's,  792 ;  Leslie's,  308 ; 
Matthicssen's,  308 ;  Breguet's,  309 ; 
maximumandminimum,3io ;  Siemens' 
electrical,  960  ;  weight,  323  ;  air,  331, 

334 

Thermometr)%  297-300 

Thermo-multiplier,  Melloni's,  412,  946 

Thermomotive  wheel,  476 

Thennoscope,  308 

Thomson's  electrometers,  780,  781  ;  gal- 
vanometer, 822  ;  apparatus  for  atmo- 
spheric electricity,  993 

Thread  of  a  screw,  45 

Thunder,  998 

Timbre,  246 

Time,  measure  of,  21  ;  mean  solar,  21 

Tint,  570  ;  transition,  677 

Tones,  combmational,  203  ;  differential, 
263 

Tonic,  248 

Toothed  wheel,  24 1 

Torricelli's  experiment,  161  ;  theorem, 
142  ;  vacuum,  168 

Torsion,  angle  of.  S9  ;  balance,  89,  704, 
734  ;  force  of,  89 

Total  reflection,  540 

Tourn'-aline,  658,  732;  pincette,  666 

Tourniquet,  hydraulic,  I49 

Tower  of  I'isa,  69 
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TOY 

Toy  telephone,  235 

Traction,  elasticity  of,  88 

Trajectory,  25 

TransfonDatioo  of  energy,  64 

Transit,  21 

Transition  tint,  677 

Translucent  bodies,  500 

Transmission  of  heat,  403 ;  of  light,  499. 

542  ;  by  the  cuircnt,  844 
Transmission  of  sound,  228 
Transmitter  of  photophone,  936 
Transparency,  7,  500 
Transparent  media,  542-549 
Transpiration  of  gases,  192 
Triad,  harmonic,  247 
Triangle,  281 
Triangle  of  forces,  35 
Tnmipet,  speaking,  ear,  239 
Tubes,  Geissler's,  205,  925 ;  luminous, 

789  ;  safety,  379  ;  speaking,  228 
Tuning-fork,  251,  281,  290 
Turbines,  150 
Twilight,  518 
Twinkling  of  stars,  541 
Tympanum,  260 
Tj-ndalKs  researches,  431,  446C7,  986,  991 


ULTRACASEOl  S  slate,  927 
L'nanncnleii  glass,    colours   pro- 
duced by,  668 

Undershot  wheels,  150 

Undulation,  length  of,  225,  637 

Undulalor)'  theory-,  499.  637 

Uniaxial  cnstal^,  640-643 ;  double 
refraction  in,  642  ;  positive  and  nega- 
tive, 643 

Unit  jar.  IIarri>*s,  77S  ;  Jacobi's,  952  ; 
Siemens',  952  ;  thermal,  447 

Unit  of  length,  area  and  volume,  22  ; 
heat,  447  :  of  work,  61 

Un^tal)le  equilibrium,  70 

Urinorncter,  129 


VACUUM,  application  of,  to  con- 
strucli«)n  of  air-pump,  200;  extent 
of,  prodiicetl  by  air-pump,  20I  ; 
C'rookc^'s,  446;  fall  of  iKnlies  in  a, 
7(>  ;fnrniaii(>n  of  vai>our  in,  352  ;  heat 
radiated  in,  413  ;  reflection  in  a,  421  ; 
'J'«»rriccl]ian,  168 

Valency,  change  f)f,  45S 

Valve,  safety,  1 08,  371  ;  che^t,  466 

Vane,  electrical,  764 

Vaj)orisation,  350  ;  latent  heal  of,  372, 
462 


voc 

Vi^xmr,  aqneoos,  tension  oC  at  Tirkxa 
temperatnres,  357-361  ;  fonnatioD  oC 
in  closed  tube,  370  ;  latent  beatoC  372 

Vapours,  349 ;  absorption  of  heat  bf. 
435 ;  absorptive  powers  ^  ^\ 
density  of,  C^y-Lossac's  method,  3S6; 
Hoiinann's,  387  ;  densities  di,  389  • 
determination  of  latent  heat  oC  372< 
462;  Dmnas*s  method,  38$;  elijtic 
force  of,  351  ;  formation  oC  in  vacuo, 
352 ;  saturated,  353  ;  unsaturatoi, 
354 ;  tension  of  different  liquids,  359; 
of  mixed  liquids,  360 ;  in  communia:- 
ing  vessels,  361 

Variations,  annual,  693 ;  accideru', 
694;  barometric,  171  ;  causes  of, 
172  ;  diurnal,  693  ;  relation  of.  to 
weather,  1 73  ;  in  magnetic  declination, 
691,  695 

Varley  unit,  952 

Velocity,  25  ;  direction  ofi  56 ;  of  ctHra, 
142  ;  of  electricity,  795 ;  of  Us^t. 
505-507 ;  graphic  representation  of 
changes  of,  56 ;  Kundt's  method,  277 : 
molecular,  294 ;  of  sound  in  air,  250 : 
gases,  231,  232  ;  formula  fur  calculat- 
ing, 232  ;  of  winds  975 

Velocities,  composition  of,  52  ;  ex.in::'lo 
of»  25 

Vena  contracta,  145 

X'entral  and  no<lal  segment,  269,  274 

Vernier,  lo 

Vertical  line,  67 

Vestibule  of  the  ear,  260 

Vibrating  spiral,  Rett's,  S59 

Vibration,  222;  arc  of,  55  ;  produceily 
currents,  8S4  ;  of  tuning-forks,  290 

Vibrations,  262  ;  formul.e,  275 :  i*f 
membranes,  283  ;  laws  of,  267  ;  mo- 
surement  of  number  of,  241 ;  number 
of,  producing  each  note,  251  :  of  r.u- 
sical  pipe,  275  ;  of  n*ds  2M  ;  of 
plates,  282 ;  of  strings,  265,  207,  270 

Victoria  Rcgia,  485 

View,  field  of,  593 

Vinometers,  129 

Virtual  and  real  images,  514 ;  fx^s, 
525  ;  velocity,  46 

Viscosity,  96  ;  of  gases,  446 

Vision,  distance  of  distinct,  619;  *;r.^ 
cular,  621 

Visual  angle,  617 

Vis  viva,  59,  44S,  477 

Vital  fluid,  797 

Vitreous  Ixxly,  612;  electricity.  727* 
fusion,  338  ;  humour,  612 

Vocal  chonls,  259 
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VOL 

Volatile  liquids,  349 

Volta's  condensing  electroscope,  779; 
elcctrophonia,  752;  fundamental  ex- 
periment, 798 

Voltaic  arc,  833  ;  couple,  801 ;  currents, 
819  ;  induction,  900 ;  pile  and  battery, 
804.  805,  815.  832 

Voltameter,  silver,  846 ;  Faraday's,  846 

Volume,  22 ;  unit  of,  22,  24 ;  determi- 
nation of,  114;  change  of,  on  solidi- 
fication, 346 ;  of  a  liquid  and  that  of 
iu  vapour,  relation  between,  390 

Volumometer,  1 85 

Von  Ebner's  electrical  machine,  794 

Vubs*s  electrical  machine,  759 


WALKER^S  battery.  81 1,  886 
Water  bellows,  207  ;  decompo- 
sition of,  123  ;  hammer,  76  ;  hot,  heat- 
JnU  l>yi  492 ;  level,  109 

Water,  maximum  density  of,  330 ;  spouts, 
984 ;  wheels,  150 

Watt's  engine,  467 

Wave,  condensed,  225 ;  expanded,  225  ; 
lengths,  637,  649  ;  plane,  642  ;  of  a 
note,  253 

Weather,  its  influence  on  liarometric  va- 
riations, 171,  172;  glasses,  174;  charts, 
979;  forecasts,  979 

Wetlge,  44 

Wedgwood's  pyiometer,  311 

Weij^hing,  method  of  double,  75 

Weight,  23,  82  ;  relative,  43 ;  of  bodies 
weighed  in  air,  correction  for  U)j>.s 
of,  402;  of  gases,  155;  thermometer, 

324 

Weights  and  measures,  125 

Wells,  artesian,  ill 

Wells's  theory  of  dew,  987 

Werdcrmann's  electric  lamp,  838 

Wet-lnilb  hygrometer,  398 

\\  hcatslone'i  bridge,  955  ;  ])h<>lometer, 
509;  rheostat,  951  ;  rotating  mirror, 
795  ;  2in<l  Cooke's  telegraph,  887 

Wheel  and  axle,  42 

Wheel  barometer,  174;  thermomotive, 
476 


ZOX 

Wlieels,  friction,  77;  escapement.  Si; 
^•ater,  150 

Whirl,  electrical,  764 

Whimpering  galleries,  237 

Whistle,  safety,  466 

White  light,  decomposition  of,  564 ;  re- 
composition  of,  567 

White's  pulley,  41 

Wiedemann  and  Franz's  tables  of  o->n- 
ducti\-ity,  404 

Wiedemann's  determination  of  electro- 
motive force,  959 

Wild's  magneto-electrical  machine,  915 

Winckler's  cushions,  753 

Wind  chest,  272 ;  instruments,  270,  2S0 

Windhaussen's  ice  machine,  41H 

Winds,  causes  of,  976 ;  direction  ami 
velocity  of,  974,  975,  1005  ;  law  of  ro- 
tation of,  978  ;  i>criotlical,  rqjular,  and 
variable,  977 

Wine,  alcoholic  value  of,  378  ;  tears  of, 

136 

Wire  telegraph,  SS6 

Wollx^ton's  batter)-,  S05  ;  camera  luciila, 

603  ;  cryophorus,  373  ;  doublet,  5S(), 
W(Mxi,  conductivity  of,  404 
Wooil's  fusible  metal,  340 
Work,   34,   59  ;    measure  of,  60  ;    i»f  \\\\ 

engine,  472  ;  rale  of,  473;  unit  of,  01  ; 

internal  and  external,  of  IkhHo,  2<)5  ; 

of  a  voltaic  battery,  832  ;  icviuirol  for 

the  priMlucti4)n  of  elccliicity,  761 
Writing  telegraphs,  8S9,  S90 

YARD,  British,  22.  125 
Yellow  spot,  612 
Young  and  FreNnel's  experiment,  645 
Young's  modulus,  SS 

ZAMIJONI'S  pile.  Si 7 
Zero,  absolute,  4911  ;  atjueou-*  va- 
pours below,  355  ;  ilisplacenunt  of,  30  j 
^'^'U-'-ij:  lightning,  9S5 
Zinc,  amalgamaiol,  SlO  ;  cailMiti  lattery, 

810 
Zoclrope,  625 
Zone,  iviihtimal,    lo(.»7 
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